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Statement of Future Use of Salmonella strains R. J. Maier 



The attached data demonstrates that use of the strains unable to »«. u ^ 

s^sr 6 to a ff 1 d r of ^ vimient "^™ y gen 

protection of the animal from disease (salmonella-induced typhoid fever) Not a sin*V 
animal died or showed disease symptoms if it was first moc^ated wi'h he mutant sTa n 
would be expected that use of this salmonella strain (triple mutant as a vScS or le 
creation of similar strains of Yersinia, Shigella E coh or CamnvlnhV^r x. 
salmonella species would also give such ^ Ctl ,^^^^^ 
^ SSr S ° f bub °^**>. c-pylobactenof is, or a wide r"ge IfE 
coli infections of the urinary tract. These would apply to human infections as ' well £\ 
hvestock. Probably the most likely use of these sfains would be Kpr^nttZ^ 
mnesses and typhoid fever. It is likely that the virulent strains neve^ pass he ^enteric 
lymph nodes to overwhelm the host, if the host is first challenged with the s^nnable 



20 Balb/c female mice (bom on Sept. 1, 2003). Mice were obtained from: 
The Jackson Laboratory 
610 Main Street 

Bar Harbor, Maine 04609-1500 

Oct. 14, 2003 mice were inoculated with 10 6 cells of Salmonella typhimurium , triple - 
mutant. This mutant had the. following deletions: ■ 

r (STM 3150, STM 3149, STM 3148, STM 3147) 
2" (STM 1539, STM 1538) " 
3" (STM 1786, STM 1787) 
All of the mice survived. 

On Dec. 4, 2003 the 20 mice were inoculated with: 

100 ul containing 5 x 10 6 cells/ 100 pi of wild type* were administered to the mice by 
oral gavage. Mice were checked daily, and all were fine,- " 

On Dec. 15, every mouse was fine. 

Dec. 16 every mouse was fine; at this time all were euthanized. 

Further characterization of this phenomena (using the H 2 oxidizing strain as a 
challenge/vaccine) will include determining the dose dependency of the protection affect. 



*This wild type strain is lethal. Previous experiments have shown that by day 11 all mice 
inoculated with this wild type strain at 1 x 10 6 cell. dose per animal were dead. 
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^Salmonella are considered a category B priority biodefense concern, mainly due to their easy introduction and 
subsequent transmission through food or liquid. Both Salmonella enterica serovars typhimurium and typhi 
contain genes for enzymes that are predicted to use molecular hydrogen (H 2 ) as their substrate (i.e. energy 
source), but the role of these enzymes for maintenance of and pathogenicity by salmonellas within animal 
hosts has never been addressed. Whole genome sequence analysis reveals that three separate membrane- 
associated nickel-containing H 2 utilizing enzymes may function in Salmonella enterica typhimurium, and our 
recent enzyme assays on H 2 utilization of a virulent strain indicate substantial H 2 utilizing activity that is 
coupled to a cytochrome-dependent respiratory chain. Therefore, it is likely that Salmonella gleans energy for 
growth by using H 2 produced from within the host animal, like the type of host hydrogen-produced growth 
we recently demonstrated for the human pathogen Helicobacter pylori. This possibility will be tested by 
generating H 2 uptake negative bacterial mutants and comparing their virulence with the parent strain by use of 
a mouse model. When the virulence studies are done, the mutants will be used to associate the H 2 -binding 
affinity of S. typhimurium with particular hydrogenases that are important for virulence in the host. The 
results are expected to be readily applicable to human disease caused by Salmonella, as H 2 is an available 
substrate in the human body, and one not used by the human host. The unique properties of hydrogenases as 
nickel-containing enzymes makes them attractive targets for eradication of pathogenic bacteria that use H 2 in 
animal hosts. 
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f A. Specific Aims 

The primaiy goal is to address the role of H 2 , present in animals as a consequence of the 
fermentative metabolism by the normal colonic flora, as a substrate for maintenance/virulence of 
pathogenic Salmonella. Salmonella has the capacity to use H 2 with 0 2 as the terminal acceptor (our 
preliminary results), presumably via several H 2 -utilizing enzymes (three membrane-associated NiFe 
hydrogenases based on the whole genome sequence annotation). Importantly, the substrate (H 2 ) is 
known to be present within animal tissue. This is based on our recently published work on 
microelectrode H 2 measurements within the stomachs of live mice, and our similar unpublished 
work on H 2 levels within other (mouse) tissues.- The aims can be divided into two categories, one 
based on the use of an animal model to study virulence associated with H 2 use, and the other on 
biochemical/physiological properties associated with the role of H 2 oxidation. They are: 

1) Determine the roles of H 2 utilization in virulence. Our primary aim is to address the 
role of H 2 utilization by Salmonella typhimurium (Salmonella enterica serovar typhimurium) in 
causing disease in animals. This will be approached by systematic targeted mutagenesis combined 
with testing virulence in a mouse model. Four mutants will initially be generated. Three of these 
will be single mutants, one in each of the 3 uptake hydrogenases (predicted from the genome 
sequence). A triple mutant will also be made that lacks all H 2 using ability., The mutant strains 
will be generated in the lab of a collaborator listed herein (Prof. John Gunn) who is an expert on S. 
typhimurium mutagenesis and the bacterium's physiology. -Bart- of the proposed budget is for Dr. 
Gunns portion of the proposed work. 

2) Study biochemical/physiological properties of the hydrogenases to bolster the 
conclusions from aim #1. By use of the mutant strains from aim #1 as well as from studying other 
mutants lacking two of the three putative hydrogenases we will determine the roles of each H 2 
utilizing enzyme in reducing a cytochrome-dependent respiratory chain that culminates in oxygen- 
dependent respiration. This will be especially important after we know which hydrogenases are the 
most important for virulence. Also, by use of the mutants we will address the binding affinity of the 
important hydrogenases for the substrate (molecular hydrogen) in whole cells.. This will correlate 
the predicted catalytic turnover for H 2 activation with actual substrate levels we have measured in 
the animal. 

It seems most logical to first identify the hydrogenases (if any) that are important to 
virulence of the bacterium (aim #1), and then to focus on the properties (like energy-generating 
characteristics), of that one (or more) enzyme(s). 



B. Background and Significance 

Salmonella Physiology and Pathogenesis 

' Salmonella strains can cause disease ranging from localized gastroenteritis to systemic 
infections leading to septic shock and death (1). S. typhimurium is one of the most common causes 
of diarrhea and is transmitted primarily by ingestion of contaminated food. Although the infected 
individual recovers from the abdominal pain and diarrhea, this individual continues to shed baciena 
for up to 3 months and some individuals for up to a year (1). Therefore it is clear the bacteria have 
the capability of surviving and growing in the host. Although many cases of salmonellosis are 
linked to. raw egg products and poultry, documented cases of disease have been transmitted via 
milk, handling pet reptiles, or even from marijuana (1). S. typhi is a more serious pathogen, causing 
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typhoid fever. It causes many deaths worldwide. Some individuals become colonized by the 
■ bacteria and suffer no symptoms, but they are a major • reservoir to enable the spread of the 
bacterium. The S. typhi multiply in the liver and spleen (tissues in which we have measured H 2 ;-see 
Preliminary, Results) for up to a month before being released into the bloodstream, causing a high 
fever and anorexia. After an infection subsides, the bacteria can occupy the gall bladder, where 
they maintain a reservoir for spreading the disease to other individuals. When individuals carry S. 
typhi in their gallbladder, the bacteria can be shed in the feces for many years, and introduced into 
food, resulting in dissemination. According to the genome sequence analysis, both S. typhimurium 
and S. typhi have genes for a number of membrane bound H 2 oxidizing hydrogenases enzymes (2). 
These have been studied very little, and most importantly the roles of these H 2 oxidizing enzymes in 
providing maintenance energy for the bacteria to reside in animal hosts has not been addressed. 
Based on our recent results published in the November 29, 2002 SCIENCE, H 2 is an' available 
substrate within .animals, and the capacity for a widespread pathogen (the gastric pathogen H. 
pylori) to use it in the stomach is very important in the bacterium's persistence/virulence (3). Now 
We have measured molecular hydrogen levels in other tissues, including the spleen and the small 
intestine; hydrogen levels there are also considerably greater than the K m for H 2 of (studied) 
membrane bound hydrogenases within H 2 -oxidizing bacteria. 

Virulence factors for S. typhimurium include Type III secretion system factors, a transporter 
of Mg ++ , superoxide dismutase, adhesions, and Spv proteins (toxins important at many stages of 
virulence, one of which ADP-ribosylates actin) (1,4). When infected with S. typhimurium, mice 
develop a fatal systemic form of infection that resembles human typhoid fever rather than 
gastroenteritis (4,5). This could be taken as a flaw in using the mouse as an animal system to make 
conclusions about virulence of S. typhimurium per se (1),. but has still been a useful model to make 
conclusions about virulence determinants likely to operate in both Salmonella enterica serovars 
typhi and typhimurium (5,6). Full virulence of S. typhimurium in a mouse model requires Mn(II) 
and Fe(II) transport systems, too (5), and resistance to antimicrobial peptides is important for 
survival in the host (7). 

Hydrogenases in S. typhimurium 

In the mid-1 980 's, S. typhimurium strain LT2 was shown to contain two immunologically 
distinct membrane-bound hydrogenase enzymes (8,9). This finding lead to the examination of other 
S. typhimurium isolates, and 3 hydrogenase enzymes (each with a homologue in E. coli) were 
studied in S. typhimurium. One of the hydrogenases was correlated with hydrogen-lyase dependent 
hydrogen evolution, whereas the two membrane bound enzymes were postulated to play roles in 
(anaerobic) H 2 uptake (8). Based on studies of natural isolates lacking one or more of the 
hydrogenases, it was proposed that at least one of the membrane bound hydrogenases (hydrogenase 
enzyme #2) functioned in anaerobic respiration-driven growth with nitrate as the terminal acceptor 
(9). Even with nitrate as the terminal acceptor it was believed that H 2 oxidation was linked to 
energy conservation (proton translocation events) via an anaerobic respiration pathway (9,10). As 
enlightening and pioneering as these studies were, none of the hydrogenase assays were done with 
0 2 as the terminal acceptor to address the possibility that one or more of these hydrogenases 
functioned to respire 0 2 with H 2 as the reductant. It was presumed from earlier studies in E. coli 
that all reactions involving H 2 metabolism in enteric bacteria were related to anaerobic metabolism 
(11). However, now we know (from the complete genome sequence analysis) that S. typhimurium 
has the ability to carry out 0 2 -dependent respiration using several efficient 0 2 reducing terminal 
oxidases, (see 2). In addition, we have observed that all of the components for efficient cytochrome 
and quirione dependent proton gradient formation with electrons from H 2 are evident from the 
genome sequence of both of the Salmonella enterica serovars of interest here. It is difficult to 
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/ predict which of the 3 hydrogenases may be coupled to ATP generating respiration; for example all 
/ 3 have genes within their operons that encode membrane bound heme-b containing proteins, and 
cytochrome b are the electron acceptors for electrons from studied respiratory hydrogenases. Thus 
they ail could be involved in energy generation. It would be expected that coupling of H 2 oxidation 
to 0 2 reduction would be more favorable energetically (and more ATP gleaned) than if H 2 oxidation 
is strictly anaerobic. 

At least two of the S. typhimitriiim hydrogenases are homologues of (studied) E. coli NiFe 
hydrogenases. In E. coli the two Ni-containing hydrogenases of most relevance to the proposal here 
are membrane-associated and they differ in the redox potentials at which they function to oxidize H 2 
(35,36). Still, they both carry out H 2 oxidation and it was hypothesized (but not studied) that they 
may even be able to do so in a respiratory fashion with 0 2 as the terminal acceptor (35). Another 
(the third) E. coli hydrogenase (36) has been studied very little and no role for it has been proposed 
(13). A fourth E. coli hydrogenase (also with some homology to one of the putative Salmonella 
hydrogenases) is proposed to function in a proton-translocating respiratory pathway to formate, 
essentially forming a formate hydrogenlyase complex (37). This complex uses externally-supplied 
formate and also contains nickel, and is proposed to be coupled to energy generation (albeit 
anaerobically) as well. Therefore, an Salmonella typhimurium hydrogenase that we may find that is 
not 0 2 respiration-linked may still be very important in maintenance of the pathogen (via H 2 use) in 
animals, depending on the availability of electron acceptor sources. Indeed a range of organic 
terminal electron acceptors could be important in receiving electrons originating from H 2 , but in the 
very low 0 2 or possibly anaerobic environment areas in the animal host. For this reason, we need to 
initially determine the virulence role of the hydrogenases individually, and then address their 
(energy-generating) roles and their associated respiratory pathways. 

When we found that the gastric pathogen H. pylori used H 2 as an important respiratory 
substrate to enable colonization of the stomachs of mice, we decided to re-investigate the role this 
small energetic substrate could play in virulence of another pathogen (S. typhimurium, see 
Preliminary Results). Most of the H 2 oxidation activity we observe is 0 2 -dependent and is inhibited 
by cyanide. Uptake type hydrogenases have unique nickel-containing active centers (12,13), so if 
H 2 use is a major factor for maintenance of the pathogen in animals, interfering with nickel uptake 
could render the pathogen energy starved. 

Availability of Hydrogen in Animals 

Recently, we showed that an H 2 uptake type hydrogenase (14) is an important bacterial 
characteristic to confer colonizing ability to H. pylori (3). Hydrogen oxidation is carried out by 
many diverse respiratory bacteria, as it is one of several possible reducing substrates common in 
nature. The low potential electrons can be coupled to energy conservation, and this ability helps H. 
pylori persist in the energy-poor environment, of the gastric mucosa. H 2 has been measured as an 
excreted product from the intestinal tract of humans and rodents (33); this is due to its production by 
intestinal flora, and the gas has been speculated to be carried through the bloodstream (15,16). The 
source of this H 2 is from ^reactions associated with acetate or butyrate production by fermentative 
bacteria in the large intestine of animals (see 1 5). In addition to the stomach H 2 measurements we 
conducted previously (3), we have measured H 2 levels averaging over 50 uM in the livers of live 
mice. Hydrogen detected on the breath of humans is associated with the degree of digestibility of 
the complex carbohydrates that are ingested, with the more non-digestible (and therefore left for 
fermentative reactions in the colon) ones leading to higher H 2 levels (see 17 for one example). 

The levels of H 2 we detected in mice far exceeded the affinity of the bacteria for the 
substrate, molecular hydrogen (3). This affinity was due to hydrogenase (based on lack of H 2 
binding by a hydrogenase negative H. pylori mutant strain), so we concluded the H 2 utilizing 
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enzyme in the parent strain was usually saturated with H 2 in the host tissue. H 2 utilization is unique, 
to bacteria, so that inhibitors of this enzyme may have applicability in reducing survival of the 
pathogen but with the advantage of not affecting ..the host. Also the unique (nickel-containing) 
active site of H? binding by NiFe-hydrogenases makes this enzyme a good target for the design of 
new and specific antibiotics. 

C. Preliminary Results 

Availability of molecular hydrogen in animals 

By using a 50 umeter micrpelectrode probe in conjunction with signal amplifiers we 
measured the levels of molecular hydrogen at the mucosal surface inside the . stomachs of live 
(anesthetized) mice (3). From 3 1 measurements in 4 mice, we determined the average hydrogen 
concentration to be over 43 uM (3). We have extended these measurements to include other tissues, 
ones of relevance to Salmonella typhi and £. typhimurium occupancy. The tables show the levels of 
hydrogen we measured in the liver of three mice (table 1), as well as in the spleen and the inside of 
the small intestine of a single mouse (table 2). Details of the methods can.be found in ref 3 and 40. 

Table 1 . Micro electrode determined hydrogen concentration in mouse livers 

Mouse # H 2 Range, (uM) Mean ± std. dev. Sites measured 

r 43-63 54 ±9 10. 

2 29-89 . 53 ± 18 12 

3 43-68 57 ±11 12 



The sites measured included all lobes of the liver, and was accomplished by insertion of a 50|j.meter 
H 2 sensing probe into live (but anesthetized) mice. The mice were female strain C57B1 (Jackson 
Labs, Bar Harbor, ME) and were anesthetized with halothane. This data is part of an in press 
manuscript (40). 

Table 2. Microelectrode determined hydrogen concentrations within a single mouse 

Tissue H 2 Range (uM) Mean ± std. dev. Sites measured 

spleen ~ 33, 65 (two measurements) 2 

small intestine' 129-279 174 ±58 7 

"inside the intestinal wall 
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Recent Assays of 'H 2 oxidation activity in S. typhimurium _ 

To initiate studies on use of H 2; we determined the ability of the virulent strain ATCC 
14028s to express H, uptake activity. When grown in a rich -medium and incubated with H 2 during 
orowth the strain had excellent H 2 oxidizing activity (about 9.5 nmoles H 2 used per 10 cells per 
min) This specific whole cell activity is 3 times more than the highest levels we ever observe in 
Helicobacter pylori, and 6-8 times the level we commonly observe in two other H 2 -oxidizing 
bacteria (H. hepaticus and B.japonicum) by the same method and all done amperometncally m this 
lab Most (about 93%) of this S. typhimurium activity was coupled to oxygen uptake; when the 
oxygen was totally consumed (monitored polarographically at the same time as H 2 uptake) H 2 
uptake continued for 6-8 minutes, but at a much lesser rate than when 0 2 was provided. It is likely 
that this H, oxidation could be coupled to reduction of endogenous acceptors within the cells, such 
as fumarate Injection of 38 nmoles of 0 2 into the (7 ml) anaerobic amperometnc chamber caused 
H 2 uptake to resume at the high rate. To confirm that a respiratory chain was. operating in H 2 
oxMation, cyanide inhibition experiments were performed. Cyanide is well-known to inhibit 
respiratory chains that contain 0 2 binding heme-proteins (i.e. cytochrome terminal oxidases^ 

Addition of O.lmM cyanide to the S. typhimurium for 10 mm, prior to the Start of the assay i^ibited 
the 0 2 -dependent hydrogenase activity 48% whereas addition of 1.0 mM cyanide inhib.ted 90/c , ofl 
he activity compared to no inhibitor added. The cyanide addition did not mhibit the H 2 act vatmg 

^ZnL enz'yme per se, as the rate of H 2 uptake with methylene blue provided I as electron 
acceptor was unchanged by the cyanide addition. Therefore, it appears that the bulk of H 2 oxidation 
S I by S. typhimurium is coupled to an aerobic respiratory chain. Multiple 
that use 0 2 are predicted from the genome sequences of both S. typhimurium and S. # ^ 
intermediate electron carriers (cytochromes and qumone) are also evident from the sequence 
Ration "was a surprisVto see that H 2 oxidation was ^-reduction associated as that was 
never reported previously for S. typhimurium. 

D. Research Design and Methods 

S^^will be ATCC 14028s, provided by Prof. John Gunn. This strain is 
virulent and fsreadily amenable to genetic manipulations as well as to pathogenicity studies (7). 
tZ genome quen e'd strain LT2 isnot considered to be pathogenic but from the sequence we 
am fdentify 3 separate regions, each encoding a predicted H 2 uptake hydrogenase. These 3 
SSr^/e-LoXg (a two subunit NiFe-hydrogenase) regions are in separate operons and each 
opel S also contains g gene( s) encoding proteins that normally couple the 

from H, splitting to electron carriers (heme-proteins of the heme b type) that normally tunne ^trus 
fnerlv intole respiratory chain. However, one or more of these hydrogenases may couple H 2 
Son to orymc P ac a id7eduction, but still in an energy-conserving manner (see 
Significance) We will use primers based on these regions (the structural genes) to (sequentially; 
ene^ 

one in each of the hydrogenases, and a triple mutant lacking all three , ^ ™nty 1 - as ± 

genetically, each mutant will be first tested for H 2 uptake (o-dat on) activity with G 2 as t 
terminal acceptor (see below) to assess its ability to oxidize H 2 m ^^^^ 
regions are depicted as groups 1, 2, and 3 in three separate figures (the next , pages). 
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Common Name 
Group 1 


Primary Locus 
Name 


TIGR Locus Name 


Gene Coordinates 
5' to 3' 


quinone reactive 
Ni/Fe hdrogenase, 
small subunit 


STM 3150 


NT01ST3949 


3313762 to 3312647 


function unknown 


STM 3 149 


NT01ST3948 


3312641 to 3311658 


putative cytochrome 
Ni/Fe component of 
hydrogenase-2 


STM 3148 


NT01ST3947 


3311665 to 3310490 


hydrogenase-2, large 
subunit 


STM 3 147 


NT01ST3946 


3310490 to 3308790 


putative processing 
element for 
hydrogenase-2 . 


STM 3146 


NT01ST3945 


3308787 to 3308296 • 


putative- 
hydrogenase 


STM 3145 


NT01ST3944 


3308300 to 3307815 


putative 
hydrogenase 
expression/formation 
protein 


STM 3144 


NT01ST3943 


3307819 to 3307481 


hydrogenase-2 
operon protein 


STM 3 143 


NT01ST3942 


3307450 to 3307205 


putative 

ferrichrome-binding 
periplasmic protein 


STM 3142 


NT01ST3941 


3307126 to 3306077 
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Common Name 
Group 2 


Primary Locus 
Name 


TIGR Locus Name 


Gene Coordinates 
5' to 3' 


putative 

hydrogenase-1 small 
subunit ■ 


STM 1539 


NT01ST1902 


1614904 to- 1613804 


putative 

hydrogenase-1 large 
subunit 


STM 1538 


NT01ST1901 


1613798 to 1611999 


putative Ni/Fe- 
hydrogenase 1 fa- 
type cytochrome 
subunit 


STM 1537 


NT01ST1900 


1612045 to 1611305 


putative 
hydrogenase 
maturation protease 


STM 1536 


NT01ST1899 


1611296 to 1610691 


putative- 

hydrogenase protein 


STM 1535 


NTO 1ST 1898, 


1610688 to 1610392 


putative 
hydrogenase 


STM 1534 


NTO 1ST 1897 


1610392 to 1609985 


putative 
hydrogenase 


STM 1533 


NT01ST1896 


1609964 to 1608906 


putative 

dehydrogenase 

protein 


STM 1532 


NT01ST1S95 


1608915 to 1608031 


putative 
hydrogenase 


STM 1531 


NT01ST1894 . 


1608015 to 1607677" 
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Group 3 



1788 >0 7 



Common Name 
Group 3 


Primary Locus 
Name 


1 TIGR Locus Name 


Gene Coordinates 
5' to 3' 


hydrogenase-1 smalj 
subunit 


STM 1786 


NT01ST2221 


1884828 to 1885943 


hydrogenase-1 large 
sub unit 


STM 1787 


NT01ST2222 


1885943 to 1887733 


putative Ni/Fe- 
hydrogenase 1 fa- 
type cytochrome 
sub unit 


STM 1788 


NT01ST2223 


1887755 to 1888483 


■putative 
hydrogenase 
maturation protease 


STM 1789 


NT01ST2224 


1888483 to 1889076 


putative thiol- 
disulfide isomerase 
and thioredoxins 


STM 1790 

I 


NT01ST2225 • 


18S9069 to 1889470 


putadve 
hydrogenase- 1 
protein 


STM 1791 


NT01ST2226 


1889470 to 1890315 


putadve cytochrome, 
oxidase, subunit I | 


STM 1792 . . J 


NT01ST2227 


1890393 to 1891934 
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ConstrzLdion of hydrogenase gene deletions/transcriptional reporters 

To begin to study the function of the genes described above, non-po'..ir deletions will be 
constructed. We will utilize the lambda Red system (38) which has been used successfully by 
many researchers to rapidly construct deletion mutations. We have been using this system in our 
laboratory routinely for the last year to construct deletions. In general, one Limplifies by PCR an 
antibiotic cassette located on a specially designed vector, and the primers used in this amplification 
contain homologous sequences to the gene of interest at their 5' ends (30 bp at each end). This 
PCR fragment is electroporated into a strain containing a temperature sensitive plasmid encoding 
enzymes that disallow degradation of the incoming linear DNA and allow for. efficient 
recombination. The antibiotic cassette can be eliminated if desired to leave onlv a few base "scar" 
in place of the deleted DNA. The system can be adjusted to create non-polar or polar deletions. The 
deletions described below will be constructed with scar regions containing a stop codon in all 6 
frames, as well as a ribosome binding site at the rightmost (5') end, which will reengage the 
ribosomes for downstream gene transcription. Therefore, all of the constructed deletions will be 
non-polar. This is necessary due to the fact that some of the hydrogenase-encoding regions have 
downstream genes transcribed in the same orientation, but not likely involved in hydrogenase 
function see figures labelled from group 1, group 2 and group 3 (hydrogenase-related genes). All 
deletions will be confirmed by PCR with primers' designed to bind outside of the deleted region. 

Dr. Jim Slauch has created a recent advancement of this system (39). He has designed 
plasmids carrying the lacZ (fi-galactosidase) reporter that targets the unique "scar" left behind when 
the antibiotic cassette is deleted. Therefore, one can easily convert deletions into transcriptional 
fusions using this system. We have obtained these vectors from Dr. Slauch and have used them 
successfully several times in our laboratory. Therefore, J3-galactosidase fusions will be constructed 
to' all genes under study. This will enable (later) studies on regulation once we know which 
hydrogenases are the most important. 

For the genes in group 1 (STM3 142-STM3150), a deletion encompassing all of the genes 
involved in hydrogenase function (STM3 143-3 150) might be too large (6557 bp) for efficient 
construction by the lambda Red system. Therefore, we will design primers to delete STM3147- 
' STM3150 (4972 bp), which includes both the hydrogenase large and small subunits. Deletions as 
large as 5.5 Kb have been reported as constructed by the lambda Red system, so this should be 
relatively easy to construct. Group 2 encompasses STM 153 1-1539. The small and large subunits 
of the hydrogenase are the first two genes of the putative operon (STM 1539 and STM 1538). 
These two genes will be removed, creating a 2905 bp deletion. In group 3 (STM 1786=- 1792), we 
will delete genes STM1786 and STM1787 (also 2905 bp) encoding the hydrogenase small and large 
subunits. As mentioned above, all deletions will be non-polar so that downstream genes potentially 
not involved in hydrogenase maturation or function that may be co-transcribed, and are in the same 
orientation, remain unaffected. 

Amperometric H? oxidation assays 

We measure disappearance of H 2 directly by amperometry, in contrast to the approach 
sometimes used of measuring presumed H 2 loss or uptake based on dye reduction. The latter 
method (dye reduction) is not always specific for hydrogenase, as dehydrogenase activity may 
confound interpretations, and the redox dye chosen can influence the results greatly (due to their 
different redox potentials and degree of interactions with the enzyme). The method we use is based 
on reversing the polarity of a Clark type probe originally designed for measuring oxygen (18). The 
polarizing voltage is provided by'a precisely-tuned low voltage supply (manufactured by the PI, see 
19,20), and -has been used to study H 2 metabolism in many different bacteria (in over 60 published 
studies) in the .last 22 years (see 21). Typically, 40 — 60 nmoles of H 2 is injected into the (6 ml 
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/ volume) sealed chamber containing cells, and loss of this H 2 continuously over a period of minutes 
is recorded. The method is sensitive down to sub-microM levels of H 2 , so binding affinity 
measurements can be made reliably. Oxygen is also measured by the use of a second probe also 
inserted into the sealed custom-made amperometric chamber. All probes are tightly sealed into the 
chamber by rubber gaskets prior to the start of the assays. The chamber can easily "be made 
anaerobic by sparging it with argon, and using argon-sparged buffer as the loading medium ensures 
a constant anaerobic environment (monitored by the oxygen probe) if needed. Oxygen is injected 
through a sealed port as needed from an 0 2 -saturated stock solution. Currently we know that the 
bulk of the H 2 oxidation we measured in S. typhimurium ATCC 142028s is 0 2 -reduction coupled 
(see Prelim Results). When 0 2 is exhausted from the amperometric chamber only 7% of the H 2 
uptake activity remained (this may be H 2 oxidation coupled to reduction of residual fumarate or 
another organic acid within the cells). By adding cyanide, an inhibitor of heme proteins- that bind 
0 2 , the rate of H 2 oxidation was reduced greatly (see Prelim Results). This indicates that the bulk of 
H 2 oxidation is indeed coUpled to respiration, and this likely occurs through cytochrome-dependent 
electron transport (energy conserving) processes. The H 2 oxidation activity of each mutant type 
will be carefully measured for comparison to the parent strain and to all the other mutants;" this will 
be done both with 0 2 (the complete respiratory chain) and with methylene blue (accepts electrons 
directly from the H 2 splitting hydrogenases enzyme, the first step in H 2 oxidation) as electron 
acceptor. This will give an indication as to the respiratory connection of that particular 
hydrogenase. For the latter experiments, the cells will be treated for 10 min with a small amount of 
detergent to partially permeabilize them to the redox dye (22). If one of the hydrogenases is 
important for virulence (based on inoculation of the mutant strains into mice), but does not appear 
to be coupled to 0 2 -dependent respiration, then that activity will be characterized. This will involve 
studying electron acceptor specificity (14,23), including physiological acceptors such as formate, 
fumarate, or quinones (24). Such studies will be done with membrane preparations or crude 
extracts. It is expected that the hydrogenases studied here will be either periplasmic or membrane 
associated (13). An anaerobic respiratory H2 oxidizing enzyme could still be coupled to proton 
translocation and therefore to energy conserving reactions (see 12 and 13), but the bulk of the H 2 
oxidation we have observed in S. typhimurium was 0 2 reduction coupled, so it is anticipated that a 
hydrogenase in the family of membrane-bound NiFe type of 0 2 -dependent respiratory hydrogenase 
(25) will be of the most interest. Another role for some of the (sequence-predicted) two subunit 
hydrogenases may be as sensors of H 2 , to permit synthesis of the H 2 binding/oxidizing enzymes (see 
13 and 25). 

Affinity for H 2 

By measuring the affinity of H. pylori for H 2 we concluded the enzyme is most often 
saturated with the substrate while the bacteria are residing within animal tissues, specifically in the 
mucosal lining of the stomach. By knowing the whole cell H 2 binding affinities of the various (S. 
typhimurium) hydrogenase mutant strains combined with knowing their virulence characteristics, 
we can associate certain hydrogenases with virulence and H 2 affinities. The binding affinities for H 2 
will be determined by the wild type and mutant strains by assaying H 2 oxidation at a variety of H 2 
levels, from saturation down to limiting levels in the uM range as described (3,26). By 
amperometry this can he done easily, and levels as low as 50nM can be measured (20,32,34). In 
this way we can understand the range of H 2 . concentrations in the tissue that would be predicted to 
be most important for growth/survival in the host.- These affinities will be interpreted with, the 
knowledge of the H 2 levels we measure in the live animal (see Preliminary Results). When growth 
of pathogenic bacteria on molecular hydrogen within animals is understood in more detail, the 
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proposed studies may lead to studies by nutritional experts and others on the effects of diet on the 
H 2 producing reactions occurring in the large intestine of animals. 

Virulence Determination 

. Mice infected with S. typhimurium exhibit typhoid fever-like symptoms, and even the 
intestinal and extraintestinal lesions closely resemble those observed in (human) typhoid fever 
victims (4). Mice develop elevated temperature (as indicated by ruffled fur) between 4 and 8 days 
after oral infection, but they do not develop diarrhea. In mice, the bacteria spread systemically with 
severe pathological changes and high bacterial numbers overwhelming the liver, spleen, and 
''mesenteric, lymph nodes and Peyers patches. Animal studies are modeled after the ones described 
by Gunn et al. (see 7). Female BALB/c mice will be inoculated orally with overnight cultures of S. 
typhimurium that were washed and diluted in PBS. Approximately 10 6 CFU's will be inoculated 
into each, mouse... This is one log unit above the LD 5 o, and has been a useful inoculant level for 
similar, studies of virulence factors (7). As another approach, animals will also be inoculated 
intraperitoneally with a much lower inoculum level (7). The average days of survival and numbers 
of surviving mice will be recorded and compared. It is anticipated these studies will proceed for 
approximately 40 days. Also, mixtures of strains (two strains per mouse, inoculated orally) will be 
assayedjn competition-type studies as described (7,27) on the mutant strains that show a virulence 
""cCellcTency from. the initial (single inoculant) studies. The wild type strain together with each mutant 
type will be inoculated and the competitive index determined based on the recovery of colony 
forming units of the two inoculated types. The liver and spleen will be removed from moribund 
''mice and the organs homogenized, diluted and plated. Each strain will be antibiotic resistance 
marked .foxJthis. assay. . It is also important to perform aT wild' type,. versus wild type competition 
. " assay (with the two different wild types differing only in antibiotic resistance) to ensure they are 
equitably recovered from the homogenized organs. Also, in vitro competitions where the two 
strains are grown in LB medium (but without H 2 provided) "will be important to ensure that any in 
vivo affects are not due to growth differences in the two test strains (see 7). The virulence 
determination experiments will be done in the Pi's lab, but with advice as needed by Dr. Gunn. Dr. 
Gunn's lab has previously performed all of the procedures anticipated to be necessary for the 
virulence studies, and personnel from the Pi's lab are expected to be in close contact with them. 

Hydrogen Reduction of Cytochromes 

The roles of the various hydrogenases in respiratory' metabolism, in particular for heme- 
protein mediated respiratory chains, will be studied by use of membrane particles obtained from the 
mutants. As the Pi's lab has done on many types of H 2 oxidizing bacteria (see 21), absorption 
difference spectral experiments with H 2 as the reductant will be performed. The membrane 
particle ^ will be prepared as described (23,27), in the presence of the antioxidant butylated 
Ch vdropj roxide^[23) to maximize recovery of H 2 oxidation respiratory activity. The washed 

^✓membraHFiamples will be oxidized with 0 2 by air exposure (28), and the spectra recorded (i.e. 
i memorized by the instrument). The same sample will be sparged with argon in order to remove 0 2 

*i™ men the sample will be reduced with H 2 ;the new spectrum will be recorded and the 0 2 
spectrum subtracted to reveal those heme components that are H 2 reduced (27,29). This will begin 
to give an indication as to which H 2 using enzymes are coupled to an respiratory energy generating 
system, and should be in agreement with our cyanide inhibition data (see Preliminary Results). 
Performing the difference absorption spectra with sodium dithionite as the reductant will permit a 
comparison of which heme components are specifically reduced by H 2 versus the total complement 
that are available in the membranes (27-30). Also, difference spectral absorptions done with cyanide 
present (27;29) will reveal the type of terminal oxidases used by the putative H 2 respiration 
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pathway(s). It is known that H 2 oxidizing chains can sometimes involve different terminal oxidases 
than those used by other reducing substrates (like byNADH or succinate, for example). The 
electron transport factors responsible for energy generation specifically via electrons from H 2 .are 
desired for, the time being. It is anticipated that pursuing aims #1 and #2 together. will reveal" that 
the hydrogenase(s) that are coupled to a respiratory chain are also the ones' that are inhibited by 
cyanide, and the most important for growth in the animal. However, as pointed out earlier, a 
hydrogenase that is not coupled to 0 2 reduction could still prove to be important in virulence. If 
this is so, that enzyme will be studied for its ability to reduce fumarate or other potential electron 
acceptors. This will be done for membranes or extracts containing periplasmic components if 
needed (see 13) from the strain containing only that hydrogenase of interest. 

Generation of some double mutants (lacking two of the three hydrogenases) will likely be 
needed to create the starting material for making membrane preparations for some experiments. 
This is so that the results on H 2 mediated cytochrome reduction can be attributed to a-particular 
hydrogenase. However, we can't propose which hydrogenases are the important players as yet. The 
Pi's lab has extensive experience in generating and studying H 2 oxidizing membrane preparations 
from many different bacteria (see 21). 

Begin Preliminary Regulation Studies (if time permits) 

Hydrogenases are oftentimes regulated at the transcriptional- level by 0 2 , H 2 , and by nickel 
(13,25). As the mutant strains here can be easily converted into transcriptional fusions (see above) 
we may begin studies on the roles of the above regulators on the transcription of hydrogenase(s) 
that are first shown to be important in virulence. These regulators (H 2 , 0 2 , nickel) have been 
studied extensively for their effect on hydrogenase expression in (H 2 -oxidizing) bacteria in the Pi's 
lab (see 2 1). For studying nickel-dependence, medium will have to be first treated to remove the 
metal and then high-purity metal salts added back to the medium (22); Extensive regulation 
experiments may have to await inclusion in an RO'l proposal in a few. years. 

E. Human Subjects 

Non-applicable 

F. Vertebrate Animals 

For initial testing of the four mutant types plus the parent strain for virulence over a 40 day 
period, it is anticipated that 80 (BALB/c) mice will be used the first year. This number will permit 
use of 8 mice for each of the 5 strains (4 are mutant strains) plus a replicate of the entire experiment. 
These mice will be infected by oral gavage of lxlO 6 live bacteria into the stomach. When we know 
which hydrogenases are the most important, intraperitoneal and mixed inoculation experiments (see 
Methods) will be done to rigorously assess the virulence of these strains. This may require up to 
80-90 additional mice (year 2). Harvesting of organs from moribund mice will be done for the 
mixed inoculation experiments (see Methods). If mice need to be euthanized this will be done by 
C0 2 overdose as recommended by IACUC. University of Georgia Animal Welfare Assurance no. 
A3437-01 approved 03-27-02. 
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Abstract. Based on available annotated gene sequence information the enteric 
pathogen Salmonella, like other enteric bacteria, contains three putative membrane- 
associated Housing hydrogenase enzymes. Here we show that H 2 oxidation by the parent 
strain is coupled to respiration and the 3 distinct hydrogenases are each able to use H 2 in 
the respiratory pathway to oxygen. By use a rnicroelectrode probe, we detected H, within 
(mouse) tissues that are colonized by the bacterium. The low potential reductant H 2 was 
measured in the intestinal tract and in the liver/spleen tissue at about 80 and 20 times, 
respectively that of the half-saturation affinity of the whole cells for H 2 . All 3 
hydrogenase enzymes contribute to virulence of the bacterium in a typhoid fever-mouse 
model. The combined removal of all 3 hydrogenases results in a. strain that is avirulent 
and (in contrast to the parent strain) that is unable to pass the intestinal tract to invade 
liver or spleen tissue. Therefore, H 2 utilization is required for energy production to 
permit Salmonella growth and subsequent virulence during infection. 

1 



Together enteric pathogens are responsible for an estimated 2 million deaths annually 
(4, and world health organization site, see www.who.int/health-topics/index.html), and 
cause millions more cases of diarrheal illness annually, even in developed countries (see 
center for disease control, www.cdc.gov/health/defanlr.hm^ Based on annotated whole 
genome sequences, intestinal disease-causing bacteria such as Salmonella, Escherichia 
coli, Shigella, Yersinia, and Campylobacter all contain homologous hydrogenases (2). 
These hydrogenases typically split molecular H 2 via a unique NiFe metal center, with the 
release of protons and low potential electrons. The NiFe hydrogenase enzymes are 
membrane associated where the electrons can be sequentially passed to heme-containing 
or quinone-reactive proteins. It was suggested that H 2 using hydrogenase enzymes might 
enable enteric bacteria to glean energy from the splitting of molecular hydrogen (1). The 
high-energy gas is produced by colonic flora within animals (2) and because it is freely 
diffusible, the gas can be measured within both intestinal and' non-intestinal tissue (2,3). 
The gastric pathogen Helicobacter pylori contains only a single membrane associated 
hydrogenase, and it was demonstrated that use of H 2 by this enzyme is important for the 
bacterium's ability to colonize the stomach (3). Here we address the importance of H 2 
use to the pathogenicity of Salmonella typhimurium, a common food poisoning bacterium 
closely related to the typhoid fever-causing bacterium S typhi; we assess the role of 
enteric H 2 use in the mouse model of typhoid fever (5). 

Methods 

Amperometrie Hydrogenase assays. The conditions for obtaining hydrogenase activity 
involved growing cells on a blood-containing medium (6), in a microaerobic H 2 
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containing atmosphere (see table 1 legend). S. typhimuriurn cells grown one day on the 
BA plates were suspended in PBS, and 8 ml samples at cell concentrations of 8 x 10 s 
cells per ml were assayed for H, and 0 2 uptake activities simultaneously. This was 
accomplished on the same sample in a stirred and sealed amperometric chamber (7). 
Hydrogen and oxygen were added as needed from gas-saturated solutions of phosphate 
buffered saline. H 2 uptake rates were linear until the substrate reached levels about 3—4 
uM. For methylene blue dependent rates, the chamber lacked oxygen but contained MB 
at 200 uM, and the cells were permeabilized with TritonX-100 (8) before assay. Cell 
numbers were determined by performing dilutions and plate counts on MacConkey 
medium. 

Hydrogen leveis in tissues. Measurements of H 2 levels within the small intestine of the 
mice were performed by making a small incision into the intestinal wall with a razor 
blade, and inserting a 50 umeter tip size H 2 microelectrode probe less than 0.5 mm into 
the intestine. For splenic H 2 determinations, the probe was placed from 0.2 to less than 
1.0 mm into the spleen tissue as described previously for our H 2 measurements in liver 
tissues of live mice (8). These determinations (including instrument calibrations) were 
performed like those described in detail previously for our H 2 measurements in other 
tissues (3,8). Care was taken to keep all the organs as intact as possible during surgery 
and microelectrode measurements, and the mouse was kept under anesthetic for the 
procedure. Twelve independent measurements were made (four each on 3 separate mice) 
for each tissue and the mean of these is reported. 
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Mutant strain construction. All mutations were in the structural genes for 
hydrogenase and were constructed in a way so as not to disrupt downstream genes. The 
three hydrogenase genes targeted are ones that are homologous to genes encoding 
membrane-associated NiFe uptake hydrogenases (a fourth putative hydrogenase in 5. 
typhimurium is homologous to the hydrogenase termed HycE of E. coli that is proposed 
to be associated with electron transfer reactions within a formate hydrogen lyase 
complex, see 1). S. typhimurium background strain ATCC1402s (JSG210) was used as 
the parent for the construction of all the mutants. The Lambda Red system was used to 
construct deletion mutations in the hydrogenase genes (9). An antibiotic cassette located 
on plasmid pKD4 was amplified by PCR. Primers were designed (at their 5' ends) to 
contain homologous sequences to the DNA outside the fragment assigned for deletion. 
Primers were designed to delete a 4972 bp region of group 1 genes (STM 3147 through 
STM 3150) represented by coordinates 3313762 to 3308790 in the TIGR comprehensive 
microbial resource for S. typhimurium. Group 2 gene, deletion included genes STM1538 
and STM 1539 by creating a 2905 bp deletion fragment (coordinates 16 14904 to 1611999 
deleted). For group 3, a deletion of 2905 bp was made (coordinates 1884828 to 1887733 
which includes genes STM 1786 and STM 1787). Genes within the deleted regions 
encoded hydrogenase large and small subunits. Each of the PCR fragments were 
transformed by electroporation into a strain of Salmonella typhimurium containing the 
Red helper plasmid allowing uptake of linear DNA and recombination. The antibiotic 
resistance cassette in the mutants was eliminated by transforming the strains with the FLP 
synthesis inducing plasmid, pCP20 (9). FRT-flanked resistance genes, as well as FLP 
helper temperature sensitive plasmid, were both lost at 43°C. Double mutants were 



obtained by P22 HTmMnediated transduction of an antibiotic marked single gene 
. deletion strain into the appropriate single gene deletion strain by antibiotic selection, 
followed by transformation with the pCP20 plasmid and ekmination of the antibiotic 
cassette. The triple mutant was constructed in a similar manner using the appropriate 
double deletion mutant (genes I and 2 negative) as the recipient. All deletions were - 
confirmed by PCR with primers designed outside of the deleted DNA regions. 

Each deletion left a few base "scar" in place of deleted DNA. The scar region 
contains a ribosome binding site at the 5' end as well as a start codon, which will allow 
reengagement of the ribosome for the downstream gene transcription. Also, rtPCR of 
genes directly downstream of the deletion (for group 1, STM 3145, for group 2, 
STM1536, and for group 3, STM1789) was performed in order to confirm the lack of 
polar affects. Additionally, expression of STM 3142 (ferrichrome-binding periplasmic 
protein) was measured by rtPCR in the triple mutant strain and was found to be the same 
as for the wild-type strain. Therefore, the expression of genes downstream of the deleted 
regions was unaffected, so the results presented are due to hydrogenase deficiencies only. 

Mouse inoculations. (BALB/c female mice) were inoculated orally as described 
previously (10) with 0.1ml amounts of washed cells (containing 1 x 10 6 bacteria) 
suspended in PBS. Mice were observed twice daily and morbidity recorded. The organ 
burdens of bacteria post-inoculation were obtained by euthanizing mice (96 hr after 
inoculation). The liver and spleen were immediately removed from the euthanized mice, 
and the organs were homogenized (in PBS). Dilutions were plated onto MacConkey 



agar, a medium selective for enterics, and colonies were counted the next day. No 
colonies were observed from homogenized organs from uninoculated mice. 

Results and Discussion 

Respiratory H 2 oxidation. S. typhimurium hydrogenase activity has been ascribed to 
at least two distinct but similar membrane associated hydrogenases (11,12), and possible 
roles for these enzymes in anaerobic energy metabolism were proposed (1). The 
complete genome sequence of S. typhimurium LT2 indicates the bacterium contains 
genes for three putative homologous membrane-associated H 2 utilizing type 
hydrogenases (the Institute for Genomic Research, 

www.tigr.org/tigei-scrinf,s/CMR2/genomepage3,.s p l?database=nt.qfOI ^ The gene 
annotated sequence also reveals that S. typhimurium has.several 0 2 binding oxidases 
that could perhaps allow for the complete respiratory oxidation of electrons from H 2 all 
the way to 0 2 reduction. If the reductant H 2 could be used simultaneously with 0 2 as the 
acceptor (i.e. via respiration), then it is expected that a high efficiency energy yield would 
be available to allow H 2 mediated growth of cells (13). Therefore, we measured H 2 
oxidation coupled to O z dependent respiration in the parent strain in various gas 
atmospheres and culture medium conditions, including Blood agar and microaerobic 
atmospheres (table 1). Previous enteric bacteria hydrogenase studies used cells grown on 
either a glucose-peptone medium (11) or on LB medium (12) under strictly anaerobic 
conditions. H 2 oxidation was monitored herein simultaneously with (0 2 -dependent) 
respiration by use of H 2 and O, electrodes on the same (sealed and stirring) samples. The 
parent strain was able to readily oxidize H 2 at rates we observed for another H 2 oxidizing 



pathogenic bacterium under the same incubation conditions (i.e. Blood agar plus a 
microaerobic H 2 containing atmosphere (3). Activities on Blood Agar were 4 times that 
on Luria Broth when both were incubated with anaerobic gas mix (compare no. 1 with 
no. 6). Oxygen repressed hydrogenase expression, as seen by comparing conditions 2 or 4 
with no. 1 (also compare condition 7 or 9 with no. 6). This O, repression phenomenon on 
hydrogenase expression is common for respiratory hydrogenases (13). Also, incubation 
with H, augmented expression, as seen by comparing condition no. 1 with 5, and no. 6 
with 10. 

Additional Characteristics of H 2 Oxidation. Regarding the H 2 oxidation observed for 
the wild type, when 0 2 was exhausted, H 2 uptake continued at a slow rate (approximately 
8% of the aerobic rate) for about 7--10 min, and then (over the next 3 — 4 min) H 2 uptake 
diminished and ceased entirely. We attribute the "anaerobic" H, oxidation to endogenous 
acceptors (perhaps organic acids like fumarate) still present within the bacterium, or 
residual electron acceptors in the medium. This was supported by the observation that 
incubation of cell suspensions (cells removed from the blood agar medium into PBS) 
incubated in an H 2 -containing atmosphere for 10-30 min at room temperature resulted in 
cells that no longer exhibited the anaerobic H 2 respiration activity (i.e. terminal substrate 
exhausted). Normally cells were suspended in PBS and assayed immediately, so a low 
rate of H 2 oxidation occurred without O,. By performing hydrogenase assays in the 
absence of oxygen, along with use of mutant strains (see below) we conclude that some, 
but not all, of the endogenous or anaerobic activity (which is the minor H 2 respiration 
activity) could be assigned to function of hydrogenase number 1 (gene group 1), but 
hydrogenase number 1 is also responsible for 0 2 dependent H, oxidation/respiration 
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(table 1). After the anaerobic rate ceased, and O, supplied again, the stoicbiometry of H 2 
uptake to 0 2 uptake was 2.0, as expected for the complete oxidation of H 2 by O,. That 
the bulk of H, oxidation (even in the first 5 min of the assay) occurs via respiration to O, 
was corroborated by cyanide inhibition experiments as follows. Addition of O.lmJVI 
cyanide to the S. typhimurium cell suspension prior to the start of the H 2 uptake assay (15 
min incubation with sodium cyanide in an argon-sparged atmosphere) inhibited 52% of 
the hydrogenase activity compared to the no inhibitor activity, and addition of l.OmM 
cyanide inhibited 90% (to 10% of the no inhibitor added) of the H 2 uptake activity. The 
cyanide additions did not affect the methylene blue dependent H 2 uptake activity (i.e. the 
H 2 splitting hydrogenase reaction), so the inhibitor must be acting at the level of the 0 2 
binding heme-containing proteins (as expected). 

Hydrogenases that consume molecular H 2 typically have high affinities for the 
substrate. By performing H, uptake assays amperometrically (with 0 2 as the terminal 
acceptor) in limiting H 2 levels we determined a half saturation affinity for H, by wild type 
S. typhimurium to be 2. 1 uM. 

Characteristics of Mutant strains. Individual single mutant strains in each of the 3 
hydrogenases all had decreased 0 2 dependent H 2 uptake activity compared to the parent 
strain (table 2); this indicates that each of the 3 enzymes contribute to respiratory H 2 
oxidation. Still, one of the three enzymes (encoded in gene group 1) is a lesser 
contributor to the overall activity (in laboratory conditions) compared to the other two 
hydrogenases. All double mutant combinations showed further reduced activity 
compared to the parent or the single mutant strains. Only the mutant strain lacking all 3 
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hydrogenases failed to oxidaze H, The growth rate in LB liquid medium was the same 
for wild type and the triple mutant (data not shown). 

To assess the ability of the strains to cause disease, a common mouse model was used 
(10). All double mutant strain combinations were either as virulent as the parent strain 
(see figure), or (for the strains containing only hydrogenase H or HQ almost as virulent as 
the parent, so the presence of any one of the three hydrogenases is sufficient for- the - 
bacterium to cause severe disease. The expression levels of the 3 hydrogenase enzymes 
within the animal is not known, but due to the in vivo results it is clear that the 
hydrogenase of group 1, a minor contributor to the overall lab-grown activity, is an 
important enzyme for virulence. Nevertheless, the importance of hydrogenases II and HI 
are shown by the result that a hydrogenase I mutant had the same virulence capacity as 
the wild type (data not shown). All double mutant strain combinations were tested in the 
animal, and the results confirmed that all 3 enzymes are individually sufficient for 
virulence (i.e. at least 50% of inoculated mice were dead at day 11 post-inoculation for 
all double mutant strains). However, the triple mutant lacking all H 2 oxidizing ability was 
dramatically less virulent; indeed out of 30 inoculated mice with that strain, none died. 

Dissemination and organ burden. Liver and spleen colonization numbers by the 
triple mutant and the wild type were determined five days post inoculation with the result 
that viable 5". typhimurium were recovered from the organs of mice inoculated with the 
parent (Housing) strain, but no cells were recovered from mice inoculated with the triple 
mutant. The range of colonization numbers (5. typhimurium recovered 96 hrs after 
inoculation) among.4 mice inoculated with the wild type ranged from 5.0 x 10 4 to 1.9 x 
10 5 CFU per liver, and 3.0 x 10 4 up to 1.8 x 10 5 GFU per spleen. Therefore it is likely 



that the mutant strain is eliminated from the intestine or during transit to the mesenteric 
lymph nodes. 

It was proposed that H, produced by colonic bacteria may reach tissues within 
animals by a combination of cross-epithelial diffusion and vascular-based transport 
processes (2, 3). Molecular hydrogen levels ranged from 118 up to 239 uM in the small 
intestine of live mice (the mean value for 12 determinations was 168 uM), and spleen - 
tissue H, levels were similar (approximately 43uM) to that we reported previously for 
liver tissue (8). In either case, these H 2 levels are higher than the amount needed to 
essentially saturate whole cell hydrogenase, based on affinities of the bacteria for H 2 
when grown in the lab. For intestine and liver/spleen the measured levels were about 80 
and 20 fold respectively, above the half saturation value of the cells of about 2uM (see 
above). We should thus expect rapid turnover of the H, using hydrogenases. 

Conclusion. Based on our knowledge of H 2 respiration (13), the use of H 2 in an 0 2 
dependent respiratory pathway by Salmonella would be expected to result in ATP 
production to bolster cell growth. The animal results here demonstrate the importance of 
H 2 use by an enteric bacterium for survival/growth in vivo. It is likely that this is a 
common mechanism of energy generation by enteric pathogens within the host. The 
reason for some of the enteric bacteria having 3 similar (but all active) H 2 using enzymes 
is unknown, but could be related to different environments they encounter. The 
identification of agents that selectively inhibit bacterial hydrogenases (with their unique 
active centers containing Ni, Fe, CN, and CO), may represent potential therapeutic 
strategies for the elimination of salmonella-based and other enteric infections. 
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Table 1. Variations of Growth Conditions for Obtaining Respiratory H 2 Oxidizing 
Activity 



Condition 



Description 



. 9 
10 



Medium 



Blood Agar 
Blood Agar 
Blood Agar 
Blood Agar 
Blood Agar 

Luria Broth 
Luria Broth 
Luria Broth 
Luria Broth 
Luria Broth 



Gas atmosphere 



Anaerobic Mix 
Anaerobic Mix but 2% 0 2 
Campypak system 
Anaerobic Mix, but 8% 0 2 
Anaerobic mix but without 
H 2 

Anaerobic mix 
Anaerobic mix, but 2% 0 2 
Campypak system 
Anaerobic mix, but 8% 0 2 
Anaerobic mix, but no H 7 ~ 



Activity 



(nmoles H 2 /min/10 9 cells) 



"11.9 + 1.5 
3.2 ±0.4 

2.1 ±0.3 
<0.2 

7.2 ± 1.2 

2.8 ±0.4 
<0.2 

1.2 ±0.1 
<0.2 

1.3 ±0.3 



* Anaerobic mix consists of 10% H 2 , 5% CO z , balance N,. After sparging with this 
mixture, 0 2 levels were below 0.2% partial pressure, but were not anaerobic. Results are 
mean ± std. dev. for 5 replicate independent samples. BA = Blood Agar LB = Luna 
Broth Campypak is a H 2 and C0 2 generating system that depletes 0 2 ; initially the 
atmosphere is air, but less than atmospheric 0 2 is achieved. 



12 



Table 2. Aerobic H 2 Oxidation Activity by S. typhimurium Strains 



Strain 



Nmoles/rnin/10 9 " cells 



wild type 
H 2 ase I mutant 
H 2 ase II mutant 
H 2 ase HI mutant 



13.3 ±1.1 
10.6 + 0.6 
5.2 ±0.8 
8.1 ±0.7 

2.0 ± 0.3 

3.1 ±0.4 
0.8 ±0.2 
<0.20 



H 2 ase I" II" 

H 2 ase r nr 
H 2 ase n nr 



Triple H 7 ase mutant 



The results are the mean ± std. deviation for 7 or 8 independent replicates for each strain 
harvested from blood agar plates; the plates had been incubated for cell growth in sealed 
containers in an atmosphere of 10% H 2 , 5% CO,, and balance N 2 . The gas atmosphere 
conditions were not stricdy anaerobic but were less than 0.2% 0 2 partial pressure. See 
supplementary methods. 
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Figure 1 . Virulence of S. typhimurium strains on mice. 

The data shown is from a total of 30 mice each for the wild type and the triple mutant 
strain, based on the combined data from two separate experiments (see supplementary 

methods for strain constructions and animal virulence protocols). The inoculant was 1 x 
10 6 cells introduced orally. For JSG319 (group IITQ"), 20 mice were used, and 10 mice 

for JSG315 (group I'll"). Data for another double mutant strain (JSG317, group TUT) is 

not shown but was similar to that of strain JSG315 results. All mice that survived to day 

30 were also still alive at day 40. 



Mouse survival curve 




Abstract 



Molecular hydrogen is produced in the large intestine of animals due to the fermentation 
reactions of sugar catabolism. The gastric pathogen Helicobacter pylori and the liver 
pathogen Helicobacter hepaticus have the capacity to use molecular hydrogen as a 
respiratory substrate. The amount of the gas within tissues colonized by these pathogens 
is ample, and use of H2 significantly increases the stomach colonization ability of H. 



pylori. 
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Hydrogen oxidation 

Prokaryotes have used hydrogen gas as a high energy reducing substrate for over a 
billion years (1,2). Upon binding and then "splitting" of the gas by a membrane- 
associated nickel-containing hydrogenase enzyme, the energy contained in the low 
potential electrons is conserved by a combination of transmembrane potential and proton 
gradient coupling mechanisms (i.e. chemiosmostic coupling). This process is facilitated 
by a series of quinones and (heme-containing) electron carriers, some of which are 
specific to the H 2 oxidizing electron transport chains (3). 

The structural and mechanistic components for using H 2 as a substrate are highly 
similar among the diverse array of prokaryotes that can carry out this process (3,4), and 
coupling the respiration to 0 2 as the terminal electron acceptor is the most energetically 
favorable for maximizing energy conservation. In addition to the structural components 
needed for splitting H 2 (5) and initially shuttling the electrons into membrane bound 
components (including for example the NiFe hydrogenase, and a heme b protein and/or a 
quinone binding protein), a startlingly high number of conserved "accessory protein 
components" are needed for maturation of hydrogenases (3,6). These play a variety of 
enzymatic and metal mobilizing roles that are (in most cases) unique to the maturation of 
hydrogenase enzymes (6,7). Therefore, the cells total expenditure for maintaining the 
ability to oxidize H 2 is substantial. In addition, the uptake hydrogenases are regulated in 
response to environmental signals (6,8), and the cells may require nickel or iron transport 
systems to acquire sufficient metals to incorporate into the enzyme (3,6). All of the 
previous reviews in this field (bacterial H 2 metabolism) view H 2 use/oxidation from the 
perspective of its occurrence in soil or water-borne organisms in nature. The recent 



observations that some pathogenic bacteria use molecular hydrogen within animal hosts 
now expands the subject of respiratory hydrogen activation and oxidation to some 
infectious diseases, the subject herein. 

Production of hydrogen within animals 

When ingested carbohydrates are incompletely absorbed by the small intestine within 
animals, they reach the colon where they are fermented by intestinal bacteria (9,10). 
Many different bacteria (primarily anaerobes) present in human feces or in the colon can 
carry out these fermentations. The latter are known as the colonic flora. Volatile short 
chain fatty acids are produced from the fermentations (10); these are primarily acetate, 
butyrate, and propionate and are used by the host (11). Along with these fatty acids the 
gases H 2 and C0 2 are produced. These gases are not utilized by the host, but are 
primarily either lost in feces or flatus, or assimilated by methane-producing bacteria. 
The net hydrogen production in human fecal material is dependent on the amount of 
methanogenesis (consumes H 2 ) and the fecal stirring (affects the H 2 tension). The 
methane-producers compete with other bacteria (such as sulfate reducers) for available 
H 2 in the human colon, but it seems the methanogens predominate. Still a significant 
portion of the H 2 produced by the colonic flora is absorbed into the bloodstream and can 
be detected on the breath (12, 13). Low breath hydrogen levels are almost always 
associated with rapid methanogenesis. 

An estimated 14% (12) or 20%(10) of the colonic H 2 is thought to be carried through 
the human bloodstream and released into the lungs. The amount of hydrogen detected on 
the breath of humans is undoubtedly related to the digestibility of the complex 
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carbohydrates that are consumed. For example, H 2 production on the breath of healthy 
adults was considerably greater when barley rich in /3-glucans was consumed compared 
to the control barley lacking the viscous polysaccharide (13). Also, patients with 
abnormally high levels of breath hydrogen were found to be. taking drugs that-inhibited 
methanogenic bacteria (14) of the colon (and therefore one of the sources of H 2 
utilization). Breath H 2 analysis has even been used to determine the overall digestibility 
(by humans) of plant cell polysaccharides and fiber, and to determine the small bowel 
transit times for carbohydrate absorption (15). 

Helicobacter species and hydrogenase 

H. pylori is a pathogen which solely colonizes the mucosal surfaces of the human 
stomach, where it gives rise to gastritis, peptic ulcers and is correlated with the 
development of certain types of gastric cancer (16). It is a prevalent, but highly treatable 
infection; the most severe pathologies associated with infection are correlated with both 
the persistent nature of the bacterium and the highly inflammatory response of the host 
(17, 18). Helicobacter hepaticus is an enterohepatic type of Helicobacter that is receiving 
research attention due to its association with liver disease (including even liver tumors) in 
mice (19). The recent findings of an association of hepatic Helicobacters with diseased 
liver tissue in primates (20), and the correlations of Helicobacter-speci&c DNA with 
human patients having primary liver carcinomas has sparked more interest in hepatic 
Helicobacter. 

Initially we determined that H. pylori grown in the lab with H 2 expressed a membrane 
bound "uptake-type" hydrogenase (21). Reduction of the membrane fraction (the 



fraction that contained the bulk of the hydrogenase activity) by H 2 resulted in the 
membrane-associated cytochromes acquiring a reduced (ferrous) state, indicating an 
energy-conserving respiratory chain is operating with the electrons generated from H 2 
(21). Similarly, the characterizations of the Helicobacter hepaticus hydrogenase (22) 
indicated it is coupled to H 2 /0 2 respiration as well, but with a significantly lower (whole 
cell) activity than for H. pylori. Both of the Helicobacter spp. hydrogenases are able to. 
couple H 2 oxidation with reduction of a variety of positive redox potential acceptors, like 
other uptake type hydrogenases. No H 2 evolution activity could be detected, even when 
low redox potential reduced dyes were supplied to the cell membranes. Also, like other 
characterized respiratory hydrogenases, both of the Helicobacter enzymes underwent 
reductive activation, in which highest enzyme activities are observed when the enzyme is 
reduced (21, 22). Some properties and comparisons of the hydrogenases of H. pylori and 
H. hepaticus, including affinities for H 2 and activities with 0 2 as the tenrrinal acceptor are 
shown in table 1 . Some properties of the H.hepaticus hydrogenase are listed as unknown 
in the table, but are important aspects to be determined in the future. 

Hydrogen availability and use in tissues colonized by Helicobacter 

The levels of hydrogen gas within the intestinal tracts (primarily the hindgut) of 
terrestrial arthropods have been relatively well studied in order to understand microbial 
communities associated with digestion (23). However, H 2 levels in tissues of vertebrate 
animal hosts had not been assessed until we began to ascertain the importance of the 
substrate to Helicobacter pylori infection. To study the possible importance of H 2 use 
within animal tissues, we assayed H 2 levels in five mice. Both the mucous lining of the 



stomach (24) as well as the lobes of the liver (22) contained ample amounts of molecular 
H 2 , certainly higher levels than we had anticipated. The average hydrogen content of the 
mucus layer of the mouse stomach was determined to be 43 uM (range of 17 to 93 uM ), 
averaging over 20 -fold that of the whole cell K M for hydrogen. Similarly, the H 2 levels in 
liver tissue were 20-fold higher than the H. hepaticus Km for H 2 . These measurements 
in the animal we're taken by use of H 2 microelectrode inserted into live mice, and.it was., 
proposed that these H 2 levels were achieved by a combination of cross-epithelial 
diffusion of the gas from the bowel, and from H 2 carried in the bloodstream (24). By 
combining the tissue H 2 measurements with studies on the binding affinity of the bacteria 
for H 2 (conducted under limiting substrate conditions) it was concluded that Helicobacter 
hydrogenase is saturated with H 2 in the host tissues. 

A mutant H. pylori strain unable to oxidize hydrogen is severely impaired in its 
ability to colonize mice (24). A total of 9 mice out of 38 inoculated with the mutant 
strain contained any detectable Helicobacter in their stomach, whereas the parent strain 
colonized every inoculated mouse. Moreover, for those scored as colonization positive 
by the mutant the colonization numbers (colony forming units per g of stomach) were 
markedly less for the mutant than the parent strain. These results indicate that H 2 is a 
major, although not the sole, utilizable energy substrate used by H. pylori. The results 
are convincing that H 2 use by H. pylori is an important maintenance factor for its survival 
in the host. The importance of H 2 use to H. pylori colonization capability represents a 
new aspect toward our understanding of host-pathogen relationships. Molecular 
hydrogen use was not formerly recognized as a factor in understanding how a human 
pathogen grows within an animal host. Helicobacter hepaticus mutants have not been 



obtained, so studies on the affects of H 2 use on H. hepaticus colonization of (mouse) liver 
have not been possible. 

It is not yet known whether H 2 oxidation by Helicobacter provides ATP, reductant, or 
a transmembrane potential that is used for other work. There is no evidence from the 
genome sequence information that H. pylori is an chemoautotroph (uses oxidizable 
energy sources to fix/assimilate carbon dioxide), but many H 2 oxidizers do use H 2 for this 
purpose. Therefore, carbon sources must be obtained from the assimilation of organic 
molecules, and these could include sugars, small peptides or amino acids. It is possible 
that the energy from H 2 oxidation is used specifically to transport organic molecules. 
There is precedent for H 2 oxidation/respiration playing a major role in driving bacterial 
sugar transport (25). 

Regulation of Hydro genase 

One characteristic of the bacteria capable of expressing energy-conserving uptake 
hydrogenases is their ability to sense and then respond (by altering hydrogenase gene 
expression) to exogenously supplied hydrogen (6, 8). Hydrogenase activity in H. pylori 
was constitutive under all conditions tested (in rich media), but in a chemically defined 
media, the activity increased 4-fold when the cells were supplemented with 10% H 2 (24). 
Promoter fusions with a reporter gene were used to address this regulation at the 
transcriptional level; a 6-fold increase in transcriptional response was observed by the H 2 
exposure. The enzyme expression response to molecular hydrogen availability is in line 
with the conclusion that hydrogenase of Helicobacter functions in respiratory hydrogen 



Microaerobic Hydrogen Oxidation and Respiration 

Coupling of H 2 oxidation all the way to 0 2 would be the most energetically favorable 
for harvest of the electrons, but some bacteria are unable to do so. H 2 oxidation by the 
Helicobacter species (pylori and hepaticus) was observed to be coupled to 0 2 reduction 
(21, 22) and anaerobic growth of Helicobacter pylori has never been demonstrated. An 
important concern is whether the terminal oxidases of these bacteria are sufficient to 
operate in the low free 0 2 environment of the gastric mucus or the liver tissue. The ability 
of the H 2 -mediated respiratory chain to generate ATP will depend on the overall electron 
flux through the chain, thus it could depend on the ability of the terminal oxidase to bind 
and reduce 0 2 . A terminal oxidase of the cbb 3 type has been studied from H. pylori and it 
would be expected to oxidize cytochrome c and to function in low 0 2 levels (such as in 
blood or tissue). A low Km for the H. pylori cbb 3 oxidase was reported and it is expected 
that this oxidase could function in nM levels of free 0 2 (26). 

From absorption spectral studies on a clinical isolate (from a duodenal ulcer patient) 
evidence for a cyt b/d terminal oxidase in H. pylori membranes was obtained (21). 
However, the complete genome sequence of two strains (strain 266.95 and J99) does not 
show the existence of a b/d type oxidase (27). It was thus concluded by authors of a 
review (28) that the clinical isolate work is at variance with many other authors regarding 
our knowledge of H. pylori respiration. However, it must be remembered that strain 
variations in phenotype and genotype are common for H. pylori, and that Campylobacter 
jejuni (closely related to H. pylori) does contain the cyt b/d type oxidase. Also, genome 
sequencing of H. hepaticus shows that the liver-colonizing Helicobacter does contain the 
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cyt b/d type oxidase (Suerbaum: Pers communication). Like the cbb 3 type of cyt c 
oxidase, the cyt b/d type quinol oxidases are also well suited to function in microaerobic 
environments. 

Outlook and Perspective 

A wide range of characteristics are attributed to infectious bacteria that can be called 
virulence determinants to successfully combat host protection mechanisms. Many of 
these are secreted toxins or inflammation-eliciting determinants (29), or in specialized 
cases, enzymes (like urease) that modify the colonization environment to make it 
permissive for the pathogen. However, the primary sources of energy used by infectious 
bacteria to sustain their growth, once they are established in an animal host, remain 
largely unknown (29). Molecular H 2 is an energy substrate not used by the host, so 
competition for this high-energy substrate in the gastric environment is not a factor. 
Helicobacter has retained an ancient (2) energy-conserving pathway to support its energy 
needs within the host. 

Hydrogen use is expected to play an important role in setting up the stable infections 
required for the most serious of the diseases associated with H. pylori infection. 
Colonization and persistence occurs within the complex and viscous mixture of 
glycoproteins known as mucin. According to physiological studies as well as from the 
complete genome sequence information, H. pylori appears to be limited in its use of 
oxidizable carbon substrates (27), and the primary environment for H. pylori is also 
expected to be nutrient poor in regards to energy sources available for growth and 

10 



maintenance. Molecular hydrogen use would thus seem to circumvent some of the 
colonization barriers faced by H. pylori. 

Due to the above considerations, it would be expected that (increased) H. pylori 
infection might be correlated with (H 2 producing) diet regimes. The proportion of 
exhaled gas as H 2 can vary considerably among individuals so it may be possible 
someday to correlate H. pylori infection with inherent host H 2 -production characteristics. 
The prevalence of H. pylori infection is thought to depend in part on environmental 
factors, including diet, age of the individual, or the genetic make-up of the individual or 
population. An obvious question is: could diet alterations (and thus H 2 production) be a 
treatment procedure to rid an individual of (H 2 utilizing) pathogens? Considering the 
high affinities of H 2 oxidizing hydrogenases for their substrate, H 2 levels would have to 
be reduced within the individual to sub-uM levels, and our data (for mice) indicates 
levels in tissues are in the 40 — 60 uM range. Therefore, the microbial fermentations by 
the colonic flora would have to be dramatically reduced by diet in order to starve a 
pathogen of (hydrogen) energy. Reducing or eliminating such flora is unwise as such 
bacteria of course have beneficial attributes for animal nutrition and digestion. A better 
approach to reduce H 2 consumption by pathogens may be to design inhibitors of the H 2 
utilizing hydrogenases. These enzymes are oftentimes periplasmic in location and the 
enzyme contains a highly unique active center (5) containing Ni and Fe with attached CN 
and CO ligands (30). Therefore we should expect few host affects by use of NiFe active 
site specific inhibitors. Another approach could be to starve the pathogen of nickel, an 
essential element for the uptake-type hydrogenases (and for another virulence 
component, urease). 
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Other Hydrogen-utilizing Pathogens 

That hydrogen present in animals (as a consequence of normal colonic flora 
metabolism) is an energy yielding substrate for maintenance of a pathogenic 
bacterium may be extended to a number of (mostly enteric) pathogens. Based on 
publicly available complete genome sequence annotations (such as the Institute for 
Genomic Research, the Sanger Institute, or the National Center for Biotechnology 
Information) a number of human pathogens have genes encoding all the 
components required for gleaning energy from H 2 respiration. This would include 
the structural genes for a membrane bound hydrogenase and for shuttling of those 
electrons to quinone-binding or heme b binding proteins, as well as the accessory 
proteins for the NiFe hydrogenase enzymes' maturation. These bacteria include 
Salmonella enterica serovars Typhi and Typhimurium, E. coli 0157, Shigella {flexneri 
and sonnet) and Campylobacter jejuni. For some of the enterics, H 2 oxidation via 
hydrogenases has been measured (albeit anaerobically). Most of these pathogens 
live in the gastrointestinal tract, or within organs that would have ample blood 
supply (that presumably contains H 2 ). Most of the above bacteria also contain the 
complete respiratory electron transport chain (normally used in common by H 2 and other 
low potential electrons donors), including one or more 02-binding terminal oxidases. If 
these bacteria are able to couple H 2 oxidation to 0 2 uptake, it would be expected they 
could all gain considerable maintenance advantage in colonizing the host. Also, many 
non-pylori Helicobacters (20) live in the gastrointestinal tracts of animals, including 
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humans. The extent to which they use molecular hydrogen is not known, but they exist 
(colonize the host) closer to the original source of H 2 (the fermentative bacteria) than 
either H. pylori or H. hepaticus. Further studies are needed to ascertain the usefulness of 
H 2 as an energy source for other pathogenic bacteria and other Helicobacter species. 
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Abstract. Based on available annotated gene sequence information the enteric pathogen 
Salmonella, like other enteric bacteria, contains three putative membrane-associated H 2 - 
using hydrogenase enzymes. These enzymes split molecular H 2 , releasing low potential 
electrons that are used to reduce (quinone or heme-containing) components of the 
respiratory chain. Here we show that each of the three distinct membrane associated 
hydrogenases of Salmonella enterica serovar Typhimurium are coupled to a respiratory 
pathway using oxygen as the terminal electron acceptor. Cells grown in a blood-based 
medium expressed 4 times the amount of hydrogenase (H2 oxidation) activity than did 
cells grown on Luria Broth medium. Cells suspended in phosphate buffered saline 
consumed two moles of H2 per mole of O2 used in the H2/O2 respiratory pathway, and the 
activity was inhibited by the respiration inhibitor cyanide. Molecular hydrogen levels 
averaging over 40 microM were measured in organs (i.e. liver and spleen) of live mice, 
and levels within the intestinal tract (the presumed origin of the gas), were 4 times greater 
than this. The half-saturation affinity of Salmonella typhimurium for H 2 is only 2.1 
microM, so it is expected that (H 2 -utilizing) hydrogenase enzymes are saturated with the 



reducing substrate in vivo. All 3 hydrogenase enzymes contribute to virulence of the 
bacterium in a typhoid fever-mouse model, based on results from mutant strains in each 
of the 3 genes. The introduced mutations are non-polar, and growth of the mutant strains 
was like that of the parent strain. The combined removal of all 3 hydrogenases resulted 
in a strain that is avirulent and (in contrast to the parent strain) one that is unable to 
invade liver or spleen tissue. Introduction of one of the hydrogenase genes into the triple 
mutant strain on a low copy number plasmid resulted in a strain that was both able to 
oxidize H2 oxidation and able to cause morbidity in mice within 1 1 days of inoculation; 
therefore the avirulent phenotype of the triple mutant is not due to an unknown spurious 
mutation. We conclude H2 utilization in a respiratory fashion is required for energy 
production to permit Salmonella growth and subsequent virulence during infection. 



Together enteric pathogens are responsible for an estimated 2 million deaths annually 
(3, and world health organization site at www.who.int/health-topics/index.html), and 
cause millions more cases of diarrheal illness annually, even in developed countries (see 
center for disease control, www.cdc.gov/health/default.htm') . Based on annotated whole 
genome sequences, intestinal disease-causing bacteria such as Salmonella, Escherichia 
coli, Shigella, Yersinia, and Campylobacter all contain homologous hydrogenases (see 5). 
These are membrane associated "H2 splitting" enzymes, that carry out the following 
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relatively simple H 2 oxidizing reaction: H 2 ~ => 2e + 2H + . Another pathogenic 
bacterium with a predicted (but unstudied) NiFe uptake type hydrogenase is 
Actinobacillus pleuropneumoniae; it is in the Pastuerellaceae family and is able to 
persist in tonsils or necrotic lung tissue and is the causative agent of porcine 
pleuropneumoniae (see NCBI www.ncbi.nlm.nih.gov/sutilus/genom_table/cqi). 

The membrane-bound hydrogenases associated with H 2 oxidation typically split 
molecular H 2 via a unique NiFe metal center, with the release of protons and low 
potential electrons (16). The hydrogen (H 2 ) splitting reaction by hydrogenase does not 
yield energy as ATP per se, but the two protons released from H 2 can contribute to a 
proton gradient across the membrane (16). Importantly, the NiFe hydrogenase enzymes 
are membrane associated where the electrons generated from splitting molecular 
hydrogen are sequentially passed to heme-containing or quinone^reactive proteins. 
Therefore the total generated proton gradient is thought to result from a combination of 
the "sidedness" of the H 2 splitting reaction along with the sequential reduction of other 
redox enzymes within the membrane. The potential energy thus generated can be used 
for ATP production via oxidative phosphorylation or to drive carbon transport systems 
(8). For some bacteria, molecular hydrogen can represent the entire energy source used 
for growth, provided a terminal electron acceptor is available to allow disposal/energy 
harvesting of the large amount of generated protons and electrons. That this process of 
energy generation from H2 could be important for bacterial pathogenesis within animal 
hosts was only recently demonstrated (12). 

It was suggested that H 2 using hydrogenase enzymes might enable enteric bacteria to 
glean energy from the splitting of molecular hydrogen (1). The high-energy gas is 



produced by colonic flora within animals (5) and because it is freely diffusible, the gas 
can be measured within both intestinal and non-intestinal tissue (5,6,12). The gastric 
pathogen Helicobacter pylori contains only a single membrane associated hydrogenase 
(7), and it was demonstrated that use of F^by this enzyme is important for the 
bacterium's ability to colonize the stomach (12). Helicobacter pylori thrives in a nutrient 
poor environment (the gastric mucosa), so its use of Hb was proposed to be a clever way 
for the pathogen to be independent of the host for its prime energy source. Here we 
address the importance of H 2 use to the pathogenicity of Salmonella typhimurium, a 
common food poisoning bacterium closely related to the typhoid fever-causing bacterium 
5 typhi; we assess the role of enteric H 2 use in the mouse model of typhoid fever (13). 
Mutant strains at STM numbers (for the large subunit) 3147,1538, and 1787 were 
generated; these correspond to gene designations hybC for STM3 147, and hydB for the 
other two sites. Also, as the hydrogenases of S. typhimurium have been little studied, we 
first had to address whether the predicted enzymes were functional in a respiratory (H2- 
oxidizing) fashion. This was also assessed by a mutant analysis approach, after obtaining 
a condition where high hydrogenase activity was expressed by the parent strain. 

Materials and Methods 
Amperometric hydrogenase assays. The conditions for obtaining hydrogenase 
activity involved growing cells on a blood-containing medium (1 1), in a microaerobic H2 
containing atmosphere (see table 1 legend). S. typhimurium cells grown one day on the 
BA plates were suspended in phosphate-buffered saline (1 1), and 8 ml samples at cell 
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' concentrations of 8 x 10 8 cells per ml were assayed for H 2 and 0 2 uptake activities 
simultaneously. This was accomplished on the same sample in a stirred and sealed 
amperometric dual-electrode chamber (9). Hydrogen and oxygen were added as needed 
from gas-saturated solutions. of phosphate buffered saline. H 2 uptake rates were linear 
until the substrate reached levels of about 3—5 uM. For methylene blue dependent rates, 
the chamber lacked oxygen but contained MB at 200 uM, and the cells were 
permeabilized with TritonX-100 (6) before assay. Cell numbers were determined by 
performing dilutions and plate counts on MacConkey medium. For determining affinity 
of whole cells for H 2 , the H2/02 uptake assay was performed in a series of limiting H 2 
levels between 1 .2 and 10 pM. The 0 2 level was saturating for all these assays, but was 
maintained below 55 p.M, as the affect of high 0 2 levels on the three separate 
(hydrogenase) enzymes is not known. The double reciprocal plot yields a line equation 
as indicated in the text, for which kinetic parameters can be calculated. The Km from 
this data is referred to herein as the half saturation affinity for H 2 , because in our case the 
kinetic constants are for a whole cell system rather than for the pure enzyme (the latter 
being the conventional system for such determinations). 

Mutant strain construction. All mutations were in the structural genes for 
hydrogenase and were constructed in a way so as not to disrupt downstream genes. The 
three hydrogenase genes targeted are ones that are homologous to genes encoding 
membrane-associated NiFe uptake hydrogenases (a fourth putative hydrogenase in S. 
typhimurium is homologous to the hydrogenase termed HycE of E. coli that is proposed 
to be associated with electron transfer reactions within a formate hydrogen lyase 
complex, see 1). Although the 3 targeted enzymes are predicted to be membrane-bound 
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NiFe types, and were homologous to the E. coli hydrogenases, assigning them to genes 
using the E. coli nomenclature (like hya genes) was not possible due to strong cross- 
homologies; therefore we refer to these as gene groups I, II, and III, and describe the 
specific gene numbers disrupted. S. typhimurium strain ATCC 14028 (JSG2 10) was 
used as the parent for the construction of all the mutants. The Lambda Red system was 
used to construct deletion mutations in the hydrogenase genes (2). An antibiotic cassette 
located on plasmid pKD4 was amplified by PCR. Primers were designed (at their 5' 
ends) to contain homologous sequences to the DNA outside the fragment assigned for 
deletion. Primers were designed to delete a 4972 bp region of group 1 genes (STM 3147 
through STM 3 150) represented by coordinates 33 1 3762 to 3308790 in the TIGR 
comprehensive microbial resource for S. typhimurium. Group II gene deletion included 
genes STM 1538 and STM 1539 by creating a 2905 bp deletion fragment 
(coordinates 16 14904 to 161 1999 deleted). For group III, a deletion of 2905 bp was made 
(coordinates 1884828 to 1887733 which includes genes STM 1786 and STM 1787). 
Genes within the deleted regions encoded hydrogenase large and small subunits. Each of 
the PCR fragments were transformed by electroporation into a strain of Salmonella 
typhimurium containing the Red helper plasmid allowing uptake of linear DNA and 
recombination. The antibiotic resistance cassette in the mutants was eliminated by 
transforming the strains with the FLP synthesis inducing plasmid, pCP20 (2). FRT- 
flanked resistance genes, as well as FLP helper temperature sensitive plasmid, were both 
lost at 43°C. Double mutants were obtained by P22 HTz'rcMnediated transduction of an 
antibiotic marked single gene deletion strain into the appropriate single gene deletion 
strain by antibiotic selection, followed by transformation with the pCP20 plasmid and 
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elimination of the antibiotic cassette. The triple mutant was constructed in a similar 
manner using the appropriate double deletion mutant (genes l and 2 negative) as the 
recipient. All deletions were confirmed by PCR with primers designed outside of the 
deleted- DNA regions. Each deletion left a.few base "scar" in place -of deleted DNA. 
The scar region contains a ribosome-binding site at the 5' end as well as a start codon, 
which will allow reengagement of the ribosome for the downstream gene transcription. , 
Also, rtPCR of genes directly downstream of the deletion (for group I, STM 3145, for 
group II, STM1536, and for group III, STM1789) was performed in order to confirm the 
lack of polar affects. Additionally, expression of STM 3142 (ferrichrome-binding 
periplasmic protein) was measured by rtPCR in the triple mutant strain and was found to 
be the same as for the wild-type strain. Therefore, the expression of genes downstream 
of the deleted regions was unaffected, so the results presented are due to hydrogenase 
deficiencies only. Strain numbers corresponding to the introduced double deletions and 
the triple mutant are given in the figure 2 legend, and two other strains (containing a low 
copy plasmid) are described in the following paragraph. 

Primers JG915 (5'GCTCTAGAAAAAATACGCGTTATG 3') and JG916 
(5'CCCAAGCTTAGCGTACCTGGACGGC 3') were used to generate a PCR product 
containing STM1786 and STM1787. These two genes correspond to those missing in the 
Group III deletion strain. The PCR fragment was cloned into pWSK29 (17) using the 
Xbal and Hindlll sites engineered into the 5' ends of JG915 and JG916, respectively. 
STM1786 and STM1787 are expressed from the lac promoter of the vector. The resultant 
plasmid pG3229 was transformed by electroporation into strain JSG321, the triple 



hydrogenase gene mutant, creating strain JSG2495. The plasmid vector pWSK29 was 
also transformed into strain JSG321, creating JSG2497. - 



The following are the sequences of the PCR primers for making the group I, II, and m 
mutants: 

Hydrogenase mutant I : 

JG620 5' TAG TGG TTT GGG ATA AAC GTT ATG CAA ACA GTG TAG GCT 
GGA GCT GCT TCG 3 '-Deletion Primer upstream of STM3147 for deletion of 
STM3147-STM3150 (Used with JG 621) 

JG621 5' ATT GAG ACC TCC GAA TCG TCG TCA TCG TAC CAT ATG AAT ATC 
CTC CTT AG 3'-Deletion Primer upstream of STM3150 for deletion of STM3147- 
STM3150 (Used with JG 620) 

JG622 5' CAC GGT TTC TTA TCA ACA T 3*- Checking Primer downstream of 
STM3147 (Used with JG 623) 

JG623 5' GTA CTC ATT GCC GAC ACA TG 3'- Checking Primer upstream of 
STM3150 (Used with JG 622) 



Hydrogenase Mutant JJ : 

JG624 5' TCG TAA CGG AAT AAC TAT AAA ATG TGT GCA GTG TAG GCT 
GGA GCT GCT TCG 3'-Deletion Primer downstream of STM1538 for deletion of 
STM1538-STM1539 (Used with JG 625) 

JG625 5' CCC CTA AGA CTA ATA TCC GCA TTA CAA AAC CAT ATG AAT 
ATC CTC CTT AG 3'-Deletion Primer upstream of STM1 1539 for deletion of 
STM1538-STM1539 (Used with JG 624) 

JG626 5' CCG GGA TGG CGG TTC GCT TC 3'-Checking Primer downstream of 
STM1538 (Used with JG 627) 

JG627 5' GCG TCG GCA ATG ATC AAA TG 3'- Checking Primer upstream of 
STM1539 (Used with JG 626) 



Hydrogenase mutant III : 

JG628 5' AAA GGA GAA AAA ATA CGC GTT ATG AAT AAC GTG TAG GCT 
GGA GCT GCT TCG 3' - Deletion Primer upstream of STM1786 for deletion of 
STM1786-STM1787 (Used with JG 629) 



JG629 5' ATC GTT CTT TTC CTT AAC GCT TAG CGT ACC CAT ATG AAT ATC 
CTC CTT AG 3'- Deletion primer downstream of STM1787 (used with JG628) 



JG630 5' CTT ATC GTT AAT CCG ATA CGC 3'-Checking Primer upstream of 
STM1786 for deletion of STM1786-STM1787 (Used with JG 631) 

JG63 1 5' GGC CAC CGT TAG CCA GTG CC 3' -Cheking Primer upstream of 
STM1786 for deletion of STM1786-STM1787 (Used with JG 630) 
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Mouse Experiments. BALB/c female mice (obtained from the National Cancer Inst at 
Frederick MD.) were inoculated orally as described previously (15) with 0.1ml amounts 
of washed cells (containing 1 x 10 6 bacteria) suspended in PBS. Mice were observed 
twice daily and morbidity recorded. The organ burdens of bacteria post-inoculation were 
obtained by euthanizing mice (96 hr after inoculation of four mice with each bacterial 
strain). The liver and spleen were immediately removed from the euthanized mice, and 
the organs were homogenized (in PBS). Dilutions were plated onto MacConkey agar, a 
medium selective for Gram-negative lactose-negative bacteria, and colonies were counted 
the next day. No colonies were observed from homogenized organs from (two mice in 
the same cage) uninoculated mice. 

Measurements of H 2 levels within the small intestine of mice were performed by 
making a small incision into the intestinal wall with a razor blade, and inserting a 50 
umeter tip size H 2 microelectrode probe less than 0.5 mm into the intestine. For splenic 
H 2 determinations, the probe was placed from 0.2 to less than 1.0 mm into the spleen 
tissue as described previously for our H2 measurements in liver tissues of live mice (6). 
These determinations (including instrument calibrations) were performed like those 
described in detail previously for our H 2 measurements in other tissues (6,12). Care was 
taken to keep all the organs as intact as possible during surgery and for microelectrode 
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measurements, and the mouse was kept under anesthetic for the procedure. Acquiring a 
stable H2 signal within the tissue sometimes required no probe movement for up to 12 
sec. Twelve independent measurements were made (four each on 3 separate mice) for 
each tissue and the mean of these is reported, in the text. 



Results and Discussion 



Characteristics of H 2 oxidation Activity. Salmonella typhimurium hydrogenase 
activity has been ascribed to at least two distinct but similar membrane associated 
hydrogenases (4,14), and possible roles for these enzymes in anaerobic energy 
metabolism were proposed (1). The complete genome sequence of S. typhimurium LT2 
indicates the bacterium contains genes for three putative homologous membrane- 
associated H 2 utilizing type hydrogenases (Inst, for Genomic Research, see web address 
in table 2 legend ). Although previously-reported 5". typhimurium hydrogenase activity 
was always performed anaerobically, the gene annotated sequence reveals that S. 
typhimurium has several 0 2 binding oxidases that could perhaps allow for the complete 
respiratory oxidation of electrons from H 2 all the way to 0 2 reduction. If the reductant 
H 2 could be used simultaneously with 0 2 as the acceptor (i.e. via respiration), then it is 
expected that a high efficiency energy yield would be available to allow H 2 mediated 
growth of cells (5,16). This is a common role for NiFe hydrogenases in many aerobic 
bacteria (16). Therefore, we measured H 2 oxidation coupled to 0 2 dependent respiration 
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in the parent strain in various gas atmospheres and culture medium conditions, including 
Blood agar and microaerobic atmospheres (table 1). Previous enteric bacteria 
hydrogenase studies used cells grown on either a glucose-peptone medium (14) or on LB 
medium (4) under strictly anaerobic conditions. H2 oxidation was monitored herein 
simultaneously with (0 2 -dependent) respiration by use of H 2 and 0 2 electrodes on the 
same (sealed and continuously-stirring) samples. 

In addition to Luria Broth, we tested Blood Agar as a possible high nutrient growth 
medium to enable hydrogenase expression. This proved to be highly beneficial to 
hydrogenase expression (table 1). The parent strain was able to readily oxidize H2 at 
rates we observed for another H 2 oxidizing pathogenic bacterium (Helicobacter pylori) 
under the same incubation conditions (i.e. Blood agar plus a microaerobic H 2 containing 
atmosphere, see 12). Salmonella activities on Blood Agar were 4 times that on Luria 
Broth when both were incubated with anaerobic gas mix (compare no. 1 with no. 6). 
Oxygen repressed hydrogenase expression, as seen by comparing conditions 2 or 4 with 
no. 1 (also compare condition 7 or 9 with no. 6). This O2 repression phenomenon on 
hydrogenase expression is common for respiratory hydrogenases (16). Also, incubation 
with H 2 augmented expression, as seen by comparing condition no. 1 with 5, and no. 6 
with no.10. ■ - 

Additional Characteristics of H 2 Oxidation. A direct amperometric recording of 
whole cells of S. typhimurium using both H 2 and 0 2 as dissolved gases in the buffer is 
shown in figure 1 . Nevertheless, some H 2 oxidation occurred after 0 2 was exhausted 
(fig. 1). As seen, when 0 2 is exhausted (at about the 5 min mark in the figure), H 2 uptake 
slows, but continues at a slow rate (approximately 8% of the aerobic rate, and this 
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diminished rate is maintained for about 7—10 min). After this diminished activity, over 
the next 3 — 4 min time period, H 2 uptake diminishes more and ceases entirely (data not 
shown). This was observed in over 10 different assays, and we have never observed this 
when assaying other H 2 oxidizing pathogenic bacteria, such as for Helicobacter pylori or 
H. hepaticus (6). We attribute the "anaerobic" H 2 oxidation to endogenous, acceptors 
(perhaps organic acids like fumarate) still present within the bacterium, or perhaps to 
residual electron acceptors present in the medium.. These predictions are supported by 
the observation that incubation of cell suspensions (cells removed from the blood agar 
medium into PBS) incubated in an ^-containing atmosphere for 10-30 min at room 
temperature resulted in cells that no longer exhibited the anaerobic H 2 respiration activity 
(i.e. terminal substrate is presumably exhausted). Normally cells were suspended in PBS 
and assayed immediately, so a low rate of H 2 oxidation occurred without 0 2 . By 
performing hydrogenase assays in the absence of oxygen, along with use of mutant 
strains (see below) we conclude that some, but not all, of the endogenous or anaerobic 
activity (which is the minor H 2 respiration activity) could be assigned to function of 
hydrogenase of gene group I, but hydrogenase number 1 is also responsible for 0 2 
dependent H 2 oxidation/respiration (table 1). 

In figure 1, it can also be observed that the stoichiometry of H2/02 respiration for 
washed cells in PBS is approximately 2 moles of H 2 oxidized per one mole of 0 2 
consumed. After the anaerobic H 2 oxidation rate ceased (see text above), and 0 2 was 
supplied again, the stoichiometry of H 2 uptake to 0 2 uptake was measured more precisely 
at 2.0, as expected for the complete oxidation of H 2 by 0 2 . That the bulk of H 2 oxidation 
(even in the first 5 min of the assay) occurs via respiration to 0 2 was corroborated by 
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cyanide inhibition experiments as follows. Addition of O.lmM cyanide to the S. 
typhimurium cell suspension prior to the start of the H 2 uptake assay (15 min incubation 
with sodium cyanide in an argon-sparged atmosphere) inhibited 52% of the hydrogenase 
activity compared to the no inhibitor activity, and addition of l.OmM cyanide inhibited 
90% (to 10% of the no inhibitor added) of the H 2 uptake activity. The cyanide additions 
did not affect the methylene blue dependent H 2 uptake activity (i.e. the H 2 splitting . 
hydrogenase reaction), so the inhibitor must be acting at the level of the 0 2 binding 
heme-containing proteins (as expected). 

Hydrogenases that consume molecular H 2 typically have high affinities for the 
substrate. By performing H 2 uptake assays amperometrically (with 0 2 as the terminal 
acceptor) including in limiting H 2 levels (see text) we determined the half saturation 
affinity for H 2 by wild type S. typhimurium to be 2.1 uM. This was determined from the 
activities of whole cells at nine separate H2 concentrations and from a linear 
transformation of the data in the form of a double reciprocal plot yielding a line equation 
y = bx + a, where b and a are 1.1475 and 0.5545, respectively. 

Mutant strain characterizations. Mutant strains in the NiFe hydrogenases were 
made at STM3147, STM1538, and STM 1786, The mutations are referred to as 
hydrogenase gene groups I, II, and III respectively (see Methods). Table 2 provides the 
STM numbers for the disrupted large subunit of hydrogenase for the various mutants, the 
TIGR-assigned gene designation for each hydrogenase, and our measured 0 2 -dependent 
H 2 oxidation activities of the wild type and mutant strains. Individual single mutant 
strains in each of the 3 hydrogenases all had decreased 0 2 dependent H 2 uptake activity 
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compared to the parent strain (table 2); this indicates that each of the 3 enzymes 
contribute to respiratory H2 oxidation. Still, one of the three enzymes (encoded in gene 
group I, and designated hybC) is a lesser contributor to the overall activity (in laboratory 
conditions) compared to the other two.hydrogenases.. All double mutant combinations 
showed further reduced activity compared to the parent or the single mutant strains. 
Only the mutant strain lacking all 3 hydrogenases failed to oxidize H 2 . The growthrate 
in LB liquid medium was the same for wild type and the triple mutant (data not shown). 

Virulence. To assess the ability of the strains to cause disease, a common mouse 
model was used (15). This assay uses death as the endpoint, as the bacterium is highly 
invasive in mice, resulting in typhoid fever like symptoms. The results are shown in 
figure 2. As observed in other S. typhimurium virulence studies, the wild type strain 
caused death of most of the mice within 10 days of oral administration. All double 
mutant strain combinations were either as virulent as the parent strain (see figure 2), or 
(for the strains containing only hydrogenase II or III) somewhat less virulent than the 
parent. Nevertheless, the presence of any one of the three hydrogenases is sufficient for 
the bacterium to cause severe disease, as the virulence characteristics of all three double 
mutant strain combinations showed that all 3 enzymes are individually sufficient for 
virulence (i.e. at least 50% of inoculated mice were dead at day 1 1 post-inoculation for 
all double mutant strains). The strain containing only hydrogenase I retained nearly full 
virulence, but the importance of hydrogenases II and III are shown by the result that a 
hydrogenase I mutant had nearly the same virulence capacity as the wild type (data not 
shown). 
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The triple mutant strain JSG321 was clearly less virulent than the parent strain (for 
the statistical analysis used see figure 2 legend); indeed out of 30 inoculated mice with 
that strain, none died. The expression levels of the 3 hydrogenase enzymes within the 
animal is not known, but due to the in vivo results it is clear that the hydrogenase of 
group I, a minor contributor to the overall lab-grown activity, is an important enzyme for 
virulence. The tissue-specific expression of the individual enzymes will be an important 
area of study in the future, as will comparisons of the intraperitoneal versus oral routes of 
infection. 

Organ burden, and hydrogen levels measured in tissues. Liver and spleen 
colonization numbers by the triple mutant and the wild type was determined four days 
post inoculation (1 x 10 6 cells introduced orally into each of the four mice for each 
bacterial strain) with the result that viable S. typhimurium were recovered from the organs 
of mice inoculated with the parent (H2-using) strain, but no cells were recovered from 
mice inoculated with the triple mutant. The range of colonization numbers (S. 
typhimurium recovered 96 hrs after inoculation) among 4 mice inoculated with the wild 
type was between 5.0 x 10 4 to 1 .9 x 10 5 CFU per liver, and 3.0 x 10 4 up to 1 .8 x 10 5 CFU 
per spleen. Therefore it is possible that the mutant strain is eliminated from the intestine 
or during transit to the mesenteric lymph nodes. 

Complementation of the triple mutant. To rule out the possibility that an unknown 
mutation (unrelated to H 2 metabolism) occurred in the triple mutant that severely affects 
its virulence, we reintroduced one of the 3 hydrogenases into the triple mutant strain. 
Strain JSG2495 is the triple mutant strain containing the genes corresponding to the 
group III deletion on a low copy vector; its H 2 oxidation and virulence characteristics 
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were studied in comparison to the triple mutant strain containing the vector alone (strain 
JSG2497) and to the wild type strain and the group I and II double mutant strain JSG315 
(i.e. the latter contains only hydrogenase corresponding to gene group III). In an 
experiment like that described for table 2, the H 2 oxidation activity of the partially 
complemented triple mutant strain (JSG2495) was (in nmoles H 2 /min/10 8 cells, mean ± - 
std dev of four replicates) 4.1 ± 0.5, and about 2 times that of strain JSG315 (1.9 ± 0.4), . 
and about one-third that of the wild type strain (14.4 ± 2.0). No activity could be 
detected when four replicate samples of the triple mutant strain containing the vector 
alone (strain JSG2497) were assayed. The morbidity on mice associated with these 
strains was determined as described above for the other mutant strains. Out of five mice 
inoculated with each strain, the number that were still alive at day 17 post-inoculation for 
each strain (number alive in parentheses) was as follows: wild type (0), JSG2495 (2), 
strain JSG3 1 5 (2), and finally for the mutant strain containing the vector only, strain 
JSG2497 (5). Two of the three mice that died within 15 days due to inoculation with 
JSG2495 died within 1 1 days of the oral administration. Therefore the introduction of one 
of the hydrogenases into the triple mutant restored significant virulence capacity, to a 
degree that was similar to the strain that is able to synthesize only group III hydrogenase. 

It was proposed that H 2 produced by colonic bacteria might reach tissues within 
animals by a combination of cross-epithelial diffusion and vascular-based transport 
processes (5,12). Molecular hydrogen levels ranged from 1 18 up to 239 uM in the small 
intestine of live mice (the mean value for 12 determinations was 168 uM), and spleen 
tissue H 2 levels were similar (approximately 43uM) to that we reported previously for 
liver tissue (6). In either case, these H 2 levels are higher than the amount needed to 
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essentially saturate whole cell hydrogenase, based on affinities of the bacteria for H 2 
when grown in the lab. For intestine and liver/spleen the measured levels were about 80 
and 20 fold respectively, above the half saturation value of the cells of about 2uM (see 
determination above). .We should thus expect rapid turnover of the H 2 using 
hydrogenases, especially in (intestinal) environments where enteric bacteria can thrive. 

Based on our knowledge of H 2 respiration (16), the use of H 2 in an 0 2 dependent 
respiratory pathway by Salmonella would be expected to result in ATP production to 
bolster cell growth. The animal results here demonstrate the importance of H 2 use by an 
enteric bacterium for survival/growth in vivo. It is likely that this is a common 
mechanism of energy generation by enteric pathogens within the host. The intestinal 
flora is the presumed source of H 2 (5) and the fermentation reactions they carry out 
would be expected to provide a continuous supply of molecular hydrogen. In addition, 
the host does not use this high-energy substrate, so that even in conditions when the host 
is nutrient poor in terms of sugars or peptides in the serum, the pathogen can grow. With 
the uniformly high affinity for H 2 by studied uptake hydrogenases, even in conditions of 
low H 2 in the bloodstream (lower than we have measured), the pathogen should readily 
oxidize the high energy reductant. The advantage to the pathogen is obvious as the host 
cannot use this substrate. 

Some of the pathogenic enteric bacteria can now be considered to use molecular 
hydrogen as a critical growth substrate in the animal; this adds an important group of 
bacteria to our very limited knowledge of the range of pathogens (like H. pylori) able to 
use H 2 as a growth substrate to colonize the host (12). Helicobacter pylori contains a 
single H 2 utilizing membrane bound hydrogenase, with a high H 2 affinity (12). Another 



16 



gastrointestinal pathogen that is physiologically similar to H. pylori and contains a NiFe 
H 2 uptake hydrogenase is Campylobacter jejuni. For studies on any pathogen that uses 
H2, further virulence experiments using germ-free mice, and therefore lacking the 
presumed source of the substrate H2 would be informative. The reason for the enteric 
bacteria having 3 similar (but all active) H2 using enzymes is unknown, but could be 
related to different environments they encounter. It will therefore be interesting to . 
determine the affinities for H2 of each of the hydrogenases separately, along with 
determining the tissue specific expression of each H 2 utilizing enzyme; it would be 
expected that the high affinity enzymes would be most useful to the bacterium in the 
tissues with lowest H 2 levels (i.e. liver/spleen) and that the lowest affinity enzymes could 
function well in abundant H 2 levels (i.e. the intestine). Helicobacter pylori contains a 
single H 2 utilizing hydrogenase, also with a low half-saturation affinity (1.8 uM) for the 
gas (12), but the bacterium has a very limited colonization range in the host. The 
identification of agents that selectively inhibit bacterial hydrogenases (with their unique 
active centers containing Ni, Fe, CN, and CO) may represent potential therapeutic 
strategies for the elimination of salmonella-based and other enteric infections. 
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Table 1 . Variations of Growth Conditions for Obtaining Respiratory H2 Oxidizing 
Activity 



Condition 
no. 




Description 


Activity 




Medium 


Gas atmosphere 


(nmoles Ph/min/lO* cells) 


1 

2 
3 
4 
5 


Blood Agar 
Blood Agar 
Blood Agar 
Blood Agar 
Blood Agar 


Anaerobic Mix 
Anaerobic Mix but 2% O2 
Campypak system 
Anaerobic Mix, but 8% O2 
Anaerobic mix but without 
H 2 

Anaerobic mix 
Anaerobic mix, but 2% O2 
Campypak system 
Anaerobic mix, but 8% O2 
Anaerobic mix, but no H2 


11.9 ±1.5 
3.2 + 0.4 

2.1 ±0.3 
<0.2 

7.2 ±1.2 


6 
7 
8 
9 
10 


Luria Broth 
Luria Broth 
Luria Broth 
Luria Broth 
Luria Broth 


2.8 + 0.4 
<0.2 

1.2 + 0.1 
<0.2 

1.3 + 0.3 



♦Anaerobic mix consists of 10% H 2 , 5% C0 2 , balance N 2 . After sparging with this 
mixture, 0 2 levels were below 0.2% partial pressure, but were not anaerobic. Results are 
mean ± std. dev. for 5 replicate independent samples. BA = Blood Agar LB = Luria 
Broth Campypak is a H 2 and CO2 generating system that depletes 0 2 ; initially the 
atmosphere is air, but less than atmospheric 0 2 is achieved. 



Table 2. Aerobic H 2 Oxidation Activity by S. typhimurium Strains 



Strain 



Nmoles/min/10 y cells 



wild type 

H 2 ase I mutant (STM 3J47, hybC) 
H 2 ase II mutant (STM 1538, hydE) 
H 2 ase III mutant (STM 1787, hydB) 
H 2 ase I' II" 
H 2 ase r HI" 
H 2 ase II" III" 

Triple H 2 ase mutant 



13.3 + 1.1 
10.6 ±0.6 
5.2 ± 0.8 
8.1+0.7 

2.0 ±0.3 

3.1 ±0.4 
0.8 ±0.2 
<0.20 



STM numbers are given for the large subunit. Gene name is based on annotation of the 
large subunit, and is given by TIGR site, see h ttp ://www .tig. org/t i gr- 
scripts/CMR2/name search test.spl . The results are the mean ± std. deviation for 7 or 8 
independent replicates for each strain harvested from blood agar plates; the plates had 
been incubated for cell growth in sealed containers in an atmosphere of 10% H 2 , 5% C0 2 , 
and balance N 2 . The activities are nmoles of H 2 oxidized. The gas atmosphere conditions 
were not strictly anaerobic but were less than 0.2% 0 2 partial pressure. 

Figure 1. (separate fde) Dual channel amperometric recording of simultaneous H 2 
and 0 2 use by whole cells of Salmonella typhimurium. 

H 2 and 0 2 were injected into the (5.5 ml vol) amperometric chamber from gas-saturated 
solutions and the gases were monitored continuously by amplified amperometric 
electrode signals on a chart recorder. The chamber contained 6.8 x 10 s washed 
Salmonella typhimurium (wild type) cells obtained from blood agar plates; the cells were 
suspended in PBS, and the assay conducted in PBS. Oxygen is exhausted at about the 5 
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min time period, and the minimum detectable is about 20nM. The O2 pen is offset in the 
figure to record approximately 30 seconds ahead of the H2 pen. 



Mouse survival curve 




0 10 20 30 

Days Post-Infection 



Figure 2 Virulence of S. typhimurium strains on mice. 

The data shown is from a total of 30 mice each for the wild type and the triple mutant 
strain, based on the combined data from two separate experiments. The y-axis is the 
percent survival. The inoculant was 1 x 10 6 cells introduced orally. For JSG319 (group 
mil"), 20 mice were used, and 10 mice for JSG3 15 (group 111"). Data for another double 
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mutant strain (JSG317, group rill") is not shown but was similar to that of strain JSG315 
results. All mice that survived to day 30 were also still alive at day 40. Both the triple 
mutant (strain JSG321) and the double mutants (the I'll" and nil" strains, but not the II" 
III" strain) were significantly less virulent than the parent strain according to the 
alternative Wilcoxin test (see table G in ref 10), with y = 0.992 (wild type versus triple 
mutant) or y = 0.988 (for the wild type versus the double mutants). Still, the triple 
mutant was significantly less virulent than the double-mutants, with no morbidity 
observed by the triple mutant strain over a 40 day post-inoculation period. 
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CLAIMS 



1 . A bacterium having one or more hydrogenase enzymes which oxidize 
H 2 , the bacterium comprising: 

5 one or more mutations in the amino acid sequence of at least one of the 

hydrogenase enzymes, wherein the one or more mutations substantially prevents the 
hydrogenase enzymes from oxidizing H 2 . 

2. The bacterium of claim 1, wherein: 

10 said bacterium is Salmonella typhimurium. 

3. The bacterium of claim 1, wherein: 
said bacterium is Salmonella typhi. 

15 4. The bacterium of claim 1, wherein: 

said bacterium is E. coli 0157. 

5. The bacterium of claim 1, wherein: 
said bacterium is Shigella flexneri. 

20 

6. The bacterium of claim 1, wherein: 
said bacterium is Shigella sonnei. 

7. The bacterium of claim 1, wherein: 
25 said bacterium is Campylobacter jejuni. 
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8. A bacterium having three membrane bound hydrogenase enzymes 
which oxidize H 2 , the bacterium comprising: 

one or more mutations in the amino acid sequence of each one of the three 
5 memberane bound hydrogenase enzymes, wherein the one or more mutations 
substantially prevents the hydrogenase enzymes from oxidizing H 2 . 

9. The bacterium of claim 8, wherein: 
said bacterium is Salmonella typhimurium. 

10 

10. The bacterium of claim 8, wherein: 
said bacterium is Salmonella typhi. 

1 1 . The bacterium of claim 8, wherein: 
15 said bacterium is E. cob 0157. 



12. The bacterium of claim 8, wherein: ' 
said bacterium is Shigella flexneri. 

20 13. The bacterium of claim 8, wherein: 

said bacterium is Shigella sonnei. 

14. The bacterium of claim 8* wherein: 
said bacterium is Campylobacter jejuni. 

25 

15. A method vaccinating a mammal, the method comprising: 
inoculating the mammal with a bacterium which includes (i) three 

membrane bound hydrogenase enzymes which oxidize H 2 and (ii) one or more mutations 
in the amino acid sequence of each one of the three memberane bound hydrogenase 
30 enzymes, wherein the one or more mutations substantially prevents the hydrogenase 
enzymes from oxidizing H 2 . 
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16. The bacterium of claim 15, wherein: 
said bacterium is Salmonella typhimurium. 



5 17. The bacterium of claim 15, wherein:. 

said bacterium is Salmonella typhi. 

18. The bacterium of claim 15, wherein: 
said bacterium is E. coli 0157. 

10 

19. The bacterium of claim 15, wherein: 
said bacterium is Shigella fiexneri. 

20. The bacterium of claim 15, wherein: 
15 said bacterium is Shigella sonnei. 

21. The bacterium of claim 15, wherein: 
said bacterium is Campylobacter jejuni. 

20 22. A vaccination, comprising: 

a bacterium having three membrane bound hydrogenase enzymes which 
oxidize H 2 , the bacterium comprising: 

a bacterium which includes (i) three membrane bound hydrogenase 
enzymes which oxidize H 2 and (ii) one or more mutations in the amino acid sequence of 
25 each one of the three memberane bound hydrogenase enzymes, wherein the one or more 
mutations substantially prevents the hydrogenase enzymes from oxidizing H 2 . 

23. A Salmonella typhimurium mutant, comprising: 
deletions, 1 - (STM 3150, STM 3149, STM 3148, STM 3147), 2 - (STM 1539, STM 
30 1538), and 3 - (STM 1786, STM 1787). 
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24. A vaccination, comprising: 

a Salmonella typhimurium mutant having deletions, 1 - (STM 3150, STM _ 
3149, STM 3148, STM 3147), 2 - (STM 1539, STM 1538), and 3 - (STM 1786, STM 
1787). 

5 
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